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ABSTRACT
We present the results of our ALMA observations of three AGN-dominated nuclei in optical Seyfert
1 galaxies (NGC 7469, I Zw 1, and IC 4329 A) and eleven luminous infrared galaxies (LIRGs) with
various levels of infrared estimated energetic contributions by AGNs at the HCN and HCO+ J=3–2
emission lines. The HCN and HCO+ J=3–2 emission lines are clearly detected at the main nuclei of
all sources, except for IC 4329 A. The vibrationally excited (v2=1f) HCN J=3–2 and HCO
+ J=3–2
emission lines are simultaneously covered, and HCN v2=1f J=3–2 emission line signatures are seen in
the main nuclei of two LIRGs, IRAS 12112+0305 and IRAS 22491−1808, neither of which show clear
buried AGN signatures in the infrared. If the vibrational excitation is dominated by infrared radiative
pumping, through the absorption of infrared 14 µm photons, primarily originating from AGN-heated
hot dust emission, then these two LIRGs may contain infrared-elusive, but (sub)millimeter-detectable,
extremely deeply buried AGNs. These vibrationally excited emission lines are not detected in the three
AGN-dominated optical Seyfert 1 nuclei. However, the observed HCN v2=1f to v=0 flux ratios in
these optical Seyferts are still consistent with the intrinsic flux ratios in LIRGs with detectable HCN
v2=1f emission lines. The observed HCN-to-HCO
+ J=3–2 flux ratios tend to be higher in galactic
nuclei with luminous AGN signatures compared with starburst-dominated regions, as previously seen
at J=1–0 and J=4–3.
Subject headings: galaxies: active — galaxies: nuclei — quasars: general — galaxies: Seyfert —
galaxies: starburst — submillimeter: galaxies
1. INTRODUCTION
According to widely accepted cold dark matter-based
galaxy formation scenarios, small gas-rich galaxies col-
lide, merge, and then evolve into massive galaxies, as seen
in the present day universe (White & Rees 1978). Recent
observations have shown that supermassive black holes
(SMBHs) are ubiquitously present in the spheroidal com-
ponents of present-day galaxies, and that there is a cor-
relation between the mass of SMBHs and the spheroidal
stellar components (Magorrian et al. 1998; Ferrarese &
Merritt 2000; Gultekin et al. 2009; McConnell & Ma
2013). When gas-rich galaxies containing SMBHs at
their center collide and merge, both active star forma-
tion and mass accretion onto SMBHs (= active galactic
nucleus (AGN) activity) are predicted to occur, but while
deeply embedded in dust and gas (Hopkins et al. 2005,
2006). Observations at low dust extinction wavelengths
are necessary to investigate these types of obscured ac-
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tivity in gas-rich galaxy mergers.
Molecular rotational J-transition line flux ratios in the
(sub)millimeter wavelength range can be a powerful tool
for this purpose because dust extinction effects are usu-
ally negligible, unless obscuration is extremely high with
a hydrogen column density NH >> 10
25 cm−2 (Hilde-
brand 1983). In particular, interferometric observations
can probe the properties of nuclear molecular gas in
the close vicinity of an AGN, by minimizing contamina-
tion from spatially extended (kpc-scale) starburst emis-
sion in the host galaxy, and have provided an indica-
tion, based on the observations of nearby bright star-
burst and Seyfert (= modestly luminous AGNs) galax-
ies, that enhanced HCN J=1–0 emission could be a good
AGN signature (Kohno 2005; Krips et al. 2008). Based
on this, interferometric HCN and HCO+ J=1–0 obser-
vations have been extensively performed for nearby gas-
rich merging luminous infrared galaxies (LIRGs; infrared
8–1000 µm luminosity LIR > 10
11L⊙), and it has been
confirmed that LIRGs with infrared-identified energeti-
cally important obscured AGN signatures tend to dis-
play higher HCN-to-HCO+ flux ratios than starburst-
dominated LIRGs (Imanishi et al. 2004, 2006b; Imanishi
& Nakanishi 2006; Imanishi et al. 2007a, 2009). HCN
and HCO+ have similar dipole moments (µ = 3.0 debye
2 Imanishi et al.
and 3.9 debye, respectively), so that they also have sim-
ilar critical densities at the same J-transitions. It is ex-
pected that HCN and HCO+ emission arises from similar
regions inside galaxies. Interpretations of the observed
HCN-to-HCO+ flux ratios are less ambiguous than the
flux comparison among molecules with largely different
dipole moments (e.g., HCN vs. CO). Using ALMA, a
similar enhancement of observed HCN-to-HCO+ flux ra-
tios was also found at J=4–3 for LIRGs that are infrared-
diagnosed to be AGN-important (Imanishi & Nakanishi
2013a,b, 2014; Iono et al. 2013; Garcia-Burillo et al. 2014;
Izumi et al. 2015, 2016). These observations suggest that
elevated HCN-to-HCO+ flux ratios could be used to iden-
tify AGNs, including deeply buried (= obscured in vir-
tually all directions) ones.
The physical origin of HCN flux enhancement in an
AGN is not yet completely understood. Compared with
a starburst (nuclear fusion), an AGN (mass accretion
onto a SMBH) shows stronger X-ray emission when nor-
malized to the ultraviolet luminosity (Shang et al. 2011;
Ranalli et al. 2003). This strong X-ray emission may
enhance the HCN abundance, relative to HCO+ (Mei-
jerink & Spaans 2005; Lintott & Viti 2006), and may
be responsible for the enhanced HCN emission in AGNs.
Next, because the radiative energy generation efficiency
of a mass-accreting SMBH in an AGN (6–42% of Mc2) is
much higher than the nuclear fusion reaction inside stars
in a starburst (∼0.7% of Mc2), an AGN can produce
much higher surface brightness emission, and thereby a
larger amount of hot dust (> 100 K) in its close vicin-
ity, than a starburst. HCN abundance enhancement due
to high gas/dust temperature chemistry (Harada et al.
2010) may also be the cause of the HCN flux enhance-
ment in AGNs. It is also argued that the HCO+ abun-
dance can decrease in highly turbulent molecular gas in
the close vicinity of a strongly X-ray-emitting AGN (Pa-
padopoulos et al. 2007), which may result in an elevated
HCN-to-HCO+ abundance ratio. In fact, Yamada et al.
(2007) and Izumi et al. (2016) made non-LTE calcula-
tions of HCN and HCO+ emission over a wide parameter
range and found that an enhanced HCN abundance is re-
quired to account for the high HCN-to-HCO+ flux ratios
observed in AGNs. HCN flux enhancement by infrared
radiative pumping (Carrol & Goldsmith 1981; Ziurys &
Turner 1986; Aalto et al. 1995; Garcia-Burillo et al. 2006;
Sakamoto et al. 2010) is also suggested. Namely, HCN
can be vibrationally excited by infrared 14 µm photons
that are strongly emitted from AGN-heated hot dust,
and through its decay back to the vibrational ground
level (v=0) the HCN rotational J-transition flux at v=0
could be higher than that of collisional excitation alone
(Rangwala et al. 2011). However, chemical models also
predict that the HCN and HCO+ abundances around
an AGN can vary strongly, depending on the surround-
ing molecular gas parameters (Meijerink & Spaans 2005;
Harada et al. 2013). The proposed decrease in HCO+
abundance could also occur in turbulent molecular gas
in a starburst with strong cosmic rays (Papadopoulos et
al. 2007). In addition, HCO+, as well as HCN, can be
vibrationally excited by absorbing infrared 12 µm pho-
tons (Davies et al. 1984; Kawaguchi et al. 1985), and the
HCO+ J-transition flux at v=0 could also be increased
through the action of infrared radiative pumping. Given
these remaining theoretical ambiguities, further detailed
interferometric observations of galactic nuclei where the
energetic roles of AGNs are reasonably well estimated
are an important step toward better clarifying whether
elevated HCN-to-HCO+ flux ratios can indeed operate
as good indicators of AGNs.
In light of this, we conducted ALMA Cycle 1 HCN
J=3–2 (with a rest-frame frequency of νrest = 265.89
GHz) and HCO+ J=3–2 (νrest = 267.56 GHz) obser-
vations of AGN-dominated nuclei in band 6 (211–275
GHz). These high-spatial-resolution ALMA observations
enable us to minimize the contamination from spatially
extended starburst activity in host galaxies, and thus
provide a clearer view on whether AGNs indeed show
enhanced HCN-to-HCO+ flux ratios, compared to star-
burst galaxies. As spatially resolved pre-ALMA HCN
and HCO+ J=3–2 data for galaxies are still very lim-
ited in the literature (Sakamoto et al. 2010; Hsieh et al.
2012; Aalto et al. 2015a), our ALMA Cycle 2 and 3 LIRG
data, with various AGN and starburst contributions, are
also included so that we can compare the HCN-to-HCO+
J=3–2 flux ratios of AGN-dominated nuclei to regions of
strong starburst contributions.
Observations of HCN and HCO+ at J=3–2 have several
important advantages compared with other J-transition
lines. First, our main targets are nearby LIRGs, AGNs,
and starbursts, whose redshifts are as large as z ∼ 0.3.
HCN and HCO+ J=3–2 lines can be observed simul-
taneously for these targets using ALMA. We note that
(1) HCN and HCO+ J=1–0 lines cannot be covered by
ALMA if the target redshifts exceed z ∼ 0.06, because
these lines are shifted beyond the frequency coverage of
ALMA band 3 (84–116 GHz), and (2) HCN and HCO+
J=2–1 line observations of nearby galaxies are impossi-
ble in ALMA Cycles 1, 2, and 3, because ALMA band
5 (163–211 GHz) is not yet open. Second, compared
with HCN/HCO+ J=4–3 observations in ALMA band 7
(275–373 GHz) for nearby galaxies, HCN/HCO+ J=3–2
observations in band 6 are less affected by the Earth’s at-
mospheric background noise and thus enable us to obtain
higher quality, higher signal-to-noise (S/N) ratio data.
Third, the effects of the precipitable water vapor value
at the ALMA observing site are smaller in band 6 than
in band 7, so that the probability of observation execu-
tion is expected to be higher for HCN/HCO+ J=3–2 in
band 6 than HCN/HCO+ J=4–3 in band 7. Finally, in
ALMA band 6, in addition to the HCN J=3–2 and HCO+
J=3–2 lines, vibrationally excited v2=1, l=1f (hereafter
v2=1f) emission lines of HCN (νrest = 267.20 GHz) and
HCO+ (νrest = 268.69 GHz) can also be simultaneously
covered in one shot, with the 5 GHz-wide correlator unit.
These v2=1f emission lines can be used to investigate how
infrared radiative pumping works in observed galaxies
and affects rotational excitation at v=0 (Sakamoto et al.
2010; Imanishi & Nakanishi 2013b; Aalto et al. 2015a,b;
Imanishi et al. 2016a; Martin et al. 2016). The simul-
taneous observations of all of these lines make their flux
ratios reliable, with the effect of possible systematic un-
certainties being minimized.
In this paper, we report the results of our ALMA Cycle
1, 2, and 3 observations of AGN-dominated galactic nu-
clei, starburst-dominated regions, and the nuclei of AGN-
starburst composite LIRGs. Throughout this paper, we
adopt H0 = 71 km s
−1 Mpc−1, ΩM = 0.27, and ΩΛ =
0.73 (Komatsu et al. 2009). Molecular lines without the
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notation of v (the vibrational level) refer to v=0 (i.e., the
vibrational ground level). HCN refers to H12C14N.
2. TARGETS
Even though our high-spatial-resolution ALMA inter-
ferometric observations can eliminate the effects of spa-
tially extended (kpc-scale) circum-nuclear starburst ac-
tivity in the host galaxies, emission from nuclear star-
bursts at the central <200–300 pc of galaxies cannot be
clearly separated. To purely probe the emission proper-
ties of AGN-affected molecular gas, we have to observe
AGNs with the least contamination from nuclear star-
burst activity. Infrared slit spectroscopy at >3 µm us-
ing ground-based telescopes is one of the most powerful
tools for selecting such almost pure AGNs, because the
presence of nuclear starburst activity can be investigated
by polycyclic aromatic hydrocarbon (PAH) emission fea-
tures, which are not emitted from AGNs but can be pro-
duced from nuclear starbursts occurring at a location suf-
ficiently shielded from the AGN’s X-ray radiation (Voit
1992; Moorwood 1986; Genzel et al. 1998; Roche et al.
1991; Imanishi & Dudley 2000; Esquej et al. 2014). We
have performed extensive ground-based infrared 3–4 µm
(L-band) spectroscopy of optical Seyfert nuclei using nar-
row (<1.6′′) slits (Imanishi 2002, 2003; Rodriguez-Ardila
& Viegas 2003; Imanishi & Wada 2004; Imanishi 2006;
Imanishi et al. 2011a), and identified a large number of
AGNs with undetectable nuclear starburst signatures.
Our next step is to further select nuclear-starburst-
free AGNs which, with ALMA, are expected to emit a
detectable amount of molecular emission lines. As our
interest lies in AGN-affected molecular gas in the close
vicinity of the central AGN engine, we have to estimate
the amount of such nuclear AGN-affected molecular gas,
rather than the entire amount of molecular gas in the
host galaxy. Assuming that dense molecular gas and
dust spatially co-exist in the dusty molecular tori around
AGNs, AGNs with strong nuclear AGN-heated hot dust
radiation in the infrared 3–10 µm are expected to ac-
company bright AGN-affected nuclear molecular emis-
sion lines.
Finally, to clearly detect the vibrationally excited
(v2=1f) HCN emission line without veiling by the much
brighter HCO+ emission line at v=0 (only ∼400 km s−1
separation) (Sakamoto et al. 2010), AGN-dominated nu-
clei with small molecular line widths are appropriate tar-
gets. AGNs whose molecular line full widths at 10%
intensity are <500 km s−1 are desirable. We target
Type 1 unobscured AGNs, because their dusty molec-
ular tori in the close vicinity of AGNs are expected to be
preferentially viewed from a face-on direction from our
line-of-sight, making rotation-originated nuclear molecu-
lar line widths small. As long as turbulence-originated
line widths are not very large, small observed nuclear
molecular line widths are expected.
In summary, Type 1 unobscured AGNs without nuclear
PAH emission features and with bright nuclear infrared
3–10 µm continuum fluxes are suitable targets for our
purpose. NGC 7469, I Zw 1, and IC 4329 A meet these
criteria.
NGC 7469 (z=0.0164) is included in both the Center
for Astrophysics (CfA) (Huchra & Burg 1992) and 12 µm
(Rush et al. 1993) Seyfert galaxy samples, and is classi-
fied optically as a Seyfert 1 (Veilleux et al. 1995; Yuan
et al. 2010). It displays circum-nuclear starburst activity
at 1–2 arcsec (∼0.3–0.7 kpc) in radius around the cen-
tral AGN (Soifer et al. 2003; Galliano et al. 2005; Diaz-
Santos et al. 2007; Reunanen et al. 2010). Although the
3.3 µm PAH emission feature, a signature of starbursts,
is detected in large aperture (>4”) infrared spectroscopy
(Imanishi et al. 2010), ground-based infrared <1”-wide
slit spectroscopy targeting the nuclear region shows no
detectable 3.3 µm PAH emission feature (Imanishi &
Wada 2004), suggesting that nuclear starburst activity
is very weak and undetectable. The nuclear infrared 3–4
µm flux of NGC 7469 is one of the highest among ob-
served Seyfert 1 galaxies with no detectable 3.3 µm PAH
emission features (Imanishi & Wada 2004). Recent sensi-
tive ground-based 8–13 µm spectroscopy has shown some
signatures of an 11.3 µm PAH emission feature from the
NGC 7469 nucleus (Honig et al. 2010; Esquej et al. 2014),
but the estimated nuclear starburst luminosity is only
∼20% of the AGN luminosity (Esquej et al. 2014; Genzel
et al. 1995). Interferometric CO J=2–1 and HCN/HCO+
J=4–3 observations of the NGC 7469 nucleus revealed
that molecular emission lines at the nuclear position are
narrow with a full width at 10% intensity <400 km s−1
(Davies et al. 2004; Izumi et al. 2015). Detailed results
of ALMA Cycle 2 sub-arcsec spatial-resolution observa-
tions of NGC 7469 at HCN J=4–3 and HCO+ J=4–3
were reported by Izumi et al. (2015).
I Zw 1 (z=0.0611) is included in the Palomar-Green
quasi-stellar objects (PG QSO) catalog and is classified
optically as a Seyfert 1 (Schmidt & Green 1983). Iman-
ishi et al. (2011a) performed infrared 3–4 µm (L-band)
1.′′6-wide slit spectroscopy and did not detect a 3.3 µm
PAH emission feature in the nuclear region of I Zw 1.
The observed nuclear infrared 3–4 µm flux is high among
PAH non-detected AGNs. No detectable 11.3 µm PAH
emission feature is found at the nucleus (Burtscher et al.
2013). Single-dish CO J=1–0 and HCN J=1–0 obser-
vations of I Zw 1 with the IRAM 30-m telescope show
narrow molecular line emission with full width at 10%
intensity of <400 km s−1 (Evans et al. 2006).
IC 4329 A (z=0.0160) is an optical Seyfert 1 galaxy
in the 12 µm Seyfert galaxy sample (Rush et al. 1993).
The nuclear 3–4 µm (L-band) spectrum taken with a
1.′′6-wide slit is dominated by a PAH-free featureless con-
tinuum, with one of the highest observed fluxes for this
class of object (Imanishi & Wada 2004). The 11.3 µm
PAH emission is also not detected in the nuclear region
(Honig et al. 2010). The detection of molecular rota-
tional J-transition emission lines in the (sub)millimeter
wavelength range toward the IC 4329 A nucleus has not
been reported in the published literature.
As a comparison of these AGN-dominated optical
Seyfert 1 galactic nuclei, we observed nearby merging
LIRGs, because they often display starburst activity, in
addition to deeply obscured AGNs. The relative ener-
getic contributions from starbursts and obscured AGNs
vary greatly among different LIRGs, but are reason-
ably estimated based on infrared spectroscopy, as long
as emission from obscured AGNs contributes to the ob-
served infrared flux.
IRAS 08572+3915 (z = 0.0580) is an ultraluminous
infrared galaxy (ULIRG; LIR &10
12L⊙) with LIR ∼
1012.1L⊙ (Table 1), classified optically as a low-ionization
nuclear emission-line region (LINER) galaxy (Veilleux et
4 Imanishi et al.
al. 1999) or a Seyfert 2 (Yuan et al. 2010). It shows a
merging double nuclear morphology (northwestern [NW]
and southeastern [SE]) with a separation of ∼5 arcsec
(Scoville et al. 2000; Kim et al. 2002; Imanishi & Saito
2014). The NW nucleus (IRAS 08572+3915 NW) is ar-
gued to contain an energetically dominant buried AGN,
based on infrared spectroscopic and imaging energy diag-
nostic methods (Dudley & Wynn-Williams 1997; Iman-
ishi & Dudley 2000; Soifer et al. 2000; Spoon et al. 2006;
Imanishi et al. 2006a; Armus et al. 2007; Imanishi et al.
2007b; Veilleux et al. 2009; Nardini et al. 2010), and so
has been selected as a target to scrutinize elusive buried
AGNs through various methods (Imanishi et al. 2007a;
Teng et al. 2009, 2015). We conducted ALMA Cycle 0
observations of IRAS 08572+3915 at HCN/HCO+/HNC
J=4–3 lines and reported their molecular line flux ratios
(Imanishi & Nakanishi 2014); detailed descriptions about
IRAS 08572+3915 can be found in the paper cited. The
CO J=1–0 emission line was detected in only the NW nu-
cleus, based on pre-ALMA interferometric observations
(Evans et al. 2002).
The Superantennae (IRAS 19254−7245; z = 0.0617) is
a ULIRG with LIR ∼ 10
12.1L⊙ (Table 1), classified opti-
cally as a Seyfert 2 (Mirabel et al. 1991). Infrared (Risal-
iti et al. 2003; Imanishi et al. 2010) and X-ray (Braito et
al. 2003, 2009) observations support the presence of an
energetically important obscured AGN. Due to its very
low declination (−72◦), no interferometric molecular gas
observations were reported in the published literature
prior to ALMA.
IRAS 12112+0305 (z = 0.0730) is a ULIRG with LIR
∼ 1012.3L⊙ (Table 1), classified optically as a LINER
(Veilleux et al. 1999) or a Seyfert 2 (Yuan et al. 2010).
It consists of two merging nuclei (northeastern [NE] and
southwestern [SW]), with a separation of ∼3 arcsec (Kim
et al. 2002). Infrared spectra at 3–35 µm from nu-
clear emission, both combined and separately at indi-
vidual nuclei, are dominated by strong PAH emission
features (Imanishi et al. 2006a, 2007b; Nardini et al.
2009; Veilleux et al. 2009; Imanishi et al. 2010). Such
infrared spectral shapes are usually seen when the ob-
served infrared spectra are dominated by starburst emis-
sion (Moorwood 1986; Genzel et al. 1998; Imanishi &
Dudley 2000). No clear observational AGN signatures
are recognizable in infrared energy diagnostic methods.
If a luminous AGN is present in either of the nuclei,
the AGN must be deeply buried in gas and dust so as
to be infrared elusive. The PAH-to-infrared luminosity
ratio is smaller than that expected from modestly ob-
scured starburst-dominated galaxies by a factor of 3–6,
depending on the 3.3 µm, 6.2 µm, and 11.3 µm PAH fea-
tures (Imanishi et al. 2007b, 2010), suggesting that PAH
emission is more flux-attenuated than in the comparison
starburst galaxies, or that an elusive AGN contributes
to the infrared luminosity without producing PAH emis-
sion. Interferometric observations detected CO J=1–0
emission from both nuclei, with a flux approximately
three times higher at the NE nucleus than at the SW
nucleus (Evans et al. 2002).
IRAS 22491−1808 (z = 0.0776) is a ULIRG with LIR
∼ 1012.2L⊙ (Table 1). We reported the results of our
ALMA Cycle 0 observations of IRAS 22491−1808 at
HCN/HCO+/HNC J=4–3 lines in Imanishi & Nakanishi
(2014), and detailed information relating to this ULIRG
is presented in that paper. In summary, similar to IRAS
12112+0305, the infrared spectra of IRAS 22491−1808
at 3–35 µm are characterized by large equivalent width
PAH emission features (Imanishi et al. 2007b; Veilleux
et al. 2009; Imanishi et al. 2010). The observed in-
frared emission at 3–35 µm is interpreted as originat-
ing from starburst activity, and any putative AGN in
this ULIRG must be particularly deeply embedded to
elude infrared spectroscopic observations. Similar to
IRAS 12112+0305, the PAH-to-infrared luminosity ra-
tio is smaller than that expected from modestly ob-
scured starburst-dominated galaxies by a factor of 3–
8, depending on the 3.3 µm, 6.2 µm, and 11.3 µm
PAH features (Imanishi et al. 2007b, 2010). The ob-
served HCN-to-HCO+ J=4–3 flux ratios are substan-
tially higher than those from starburst regions (Iman-
ishi & Nakanishi 2014). Obtaining further molecular line
data is desirable for a better understanding of the origin
of the observed molecular line emission in this ULIRG.
NGC 1614 (IRAS 04315−0840) at z = 0.0160 is a well-
studied nearby LIRG with LIR ∼ 10
11.7L⊙ (Table 1). We
observed NGC 1614 at HCN/HCO+/HNC J=4–3 lines in
ALMA Cycle 0, as representative of starburst-dominated
galaxies (Imanishi & Nakanishi 2013a); detailed proper-
ties of NGC 1614 can be found in the paper cited. In
summary, NGC 1614 shows optical and infrared 2–35 µm
spectra whose emission properties are explained solely by
nuclear starburst activity, with a spatial extension of a
few arcsec (Alonso-Herrero et al. 2001; Miles et al. 1996;
Soifer et al. 2001; Diaz-Santos et al. 2008; Imanishi et
al. 2011b; Pereira-Santaella et al. 2012). In general, dust
extinction is smaller in LIRGs than ULIRGs (Soifer et
al. 2000, 2001), so that a quantitative discussion of star-
bursts and any putative AGNs is easier in LIRGs. The
detected starburst-origin emission line luminosities in the
infrared are high enough to account for the observed total
infrared luminosity (Imanishi et al. 2010), leaving little
room for the presence of an energetically significant AGN
in NGC 1614, unlike the ULIRGs, IRAS 12112+0305,
and IRAS 22491−1808. Low HCN-to-HCO+ J=4–3 flux
ratios are found in our ALMA Cycle 0 data at multiple
starburst regions in NGC 1614 (Imanishi & Nakanishi
2013a)
The above five LIRGs were observed in ALMA Cycle
2. In addition to them, six new LIRGs have been ob-
served in ALMA Cycle 3 at HCN/HCO+ J=3–2, and
their data have recently been sent to us. We include
these six LIRGs (IRAS 12127−1412, IRAS 15250+3609,
PKS 1345+12, IRAS 06035−7102, IRAS 13509+0442,
and IRAS 20414−1651) in this paper.
IRAS 12127−1412 (z = 0.1332) is a ULIRG with
LIR ∼ 10
12.2L⊙ (Table 1). It shows two nuclei (NE
and SW) with a separation of ∼10 arcsec (Kim et al.
2002; Imanishi & Saito 2014). The optical classifica-
tion of this ULIRG is a LINER (Veilleux et al. 1999)
or an HII-region (Yuan et al. 2010). The NE nucleus
is thought to contain a luminous buried AGN, based on
various infrared energy diagnostic methods (Imanishi et
al. 2006a, 2007a; Veilleux et al. 2009; Imanishi et al.
2010; Nardini et al. 2008, 2009, 2010). The results of
our ALMA Cycle 0 observations of IRAS 12127−1412 at
HCN/HCO+/HNC J=4–3 lines were reported in Iman-
ishi & Nakanishi (2014). These molecular emission lines
were detected at the NE nucleus, but not at the SW
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nucleus.
IRAS 15250+3609 (z = 0.0552) is a ULIRG with LIR ∼
1012.0L⊙ (Table 1). It is classified optically as a LINER
(Veilleux et al. 1995) or an AGN-starburst composite
(Yuan et al. 2010). The presence of a luminous buried
AGN is suggested from (1) a steeply rising continuum at
>3.5 µm, most likely due to AGN-heated hot dust emis-
sion (Imanishi et al. 2010), (2) low equivalent widths
of PAH emission features at >5 µm (Spoon et al. 2002;
Nardini et al. 2010; Imanishi et al. 2011b; Stierwalt et al.
2013), and (3) a high emission surface brightness (Iman-
ishi et al. 2011b). Nardini et al. (2010) estimated that
∼50% of the bolometric luminosity of IRAS 15250+3609
is explained by the buried AGN.
PKS 1345+12 (IRAS 13451+1232; z = 0.1215) is a
ULIRG with LIR ∼ 10
12.3L⊙ (Table 1). It is classified
optically as a Seyfert 2 (Veilleux et al. 1999; Yuan et al.
2010). It has two nuclei with a separation of ∼2 arc-
sec along the east-west (EW) direction (Scoville et al.
2000; Kim et al. 2002; Imanishi & Saito 2014), and CO
J=1–0 emission is detected in the western nucleus (Evans
et al. 1999). Infrared ∼2 µm spectroscopy detected an
AGN-origin broad (full width at half maximum [FWHM]
> 2000 km s−1) Paα (1.875 µm) emission line, due to
smaller dust extinction effects compared with the optical
(Veilleux et al. 1997), suggesting that the hidden AGN is
only modestly obscured. Based on the luminosity of the
detected broad Paα emission line, Veilleux et al. (1997)
argued that the AGN could be responsible for the bulk
of the bolometric luminosity of PKS 1345+12. A ris-
ing infrared 2.5–5 µm spectrum with a non-detectable
3.3 µm PAH emission feature also supports the AGN-
dominated nature of this ULIRG (Imanishi et al. 2010).
PKS 1345+12 shows an excess of the radio-to-infrared
luminosity ratio, compared with the majority of LIRGs
(Drake et al. 2004), suggesting that the AGN is radio-
loud.
IRAS 06035−7102 (z = 0.0795) is a ULIRG with LIR ∼
1012.2L⊙ (Table 1). It is classified optically as a LINER
(Duc et al. 1997), although there are several indications
that an optically elusive luminous buried AGN exists due
to (1) low PAH emission equivalent widths and strong
absorption features by dust and ice at >3 µm (Spoon et
al. 2002; Dartois et al. 2007; Farrah et al. 2009; Imanishi
et al. 2010) and (2) a steeply rising continuum at >3.5
µm (Imanishi et al. 2010). Nardini et al. (2010) argued
that the putative buried AGN accounts for ∼20% of the
bolometric luminosity of IRAS 06035−7102.
IRAS 13509+0442 (z = 0.1364) is a ULIRG with LIR ∼
1012.3L⊙ (Table 1). It is classified optically as an HII re-
gion (Veilleux et al. 1999) or an AGN-starburst compos-
ite (Yuan et al. 2010). Its infrared 2.5–35 µm spectrum
is characterized by large equivalent width PAH emission
features (Imanishi et al. 2007b, 2010), suggesting that the
observed 2.5–35 µm infrared flux is dominated by star-
burst emission, with no obvious AGN signatures. How-
ever, the observed PAH-to-infrared luminosity ratio is a
factor of 2–4 lower than that expected from modestly
obscured starburst-dominated galaxies (Imanishi et al.
2007b, 2010).
IRAS 20414−1651 (z =0.0870) is a ULIRG with LIR
∼ 1012.3L⊙ (Table 1), classified optically as an HII re-
gion (Veilleux et al. 1999) or an AGN-starburst compos-
ite (Yuan et al. 2010). Similar to IRAS 13509+0442, the
PAH-emission-dominated infrared 2.5–35 µm spectrum
of IRAS 20414−1651 (Imanishi et al. 2007b; Nardini et
al. 2009; Veilleux et al. 2009; Imanishi et al. 2010) sug-
gests that the observed infrared 2.5–35 µm flux is domi-
nated by starburst activity, without any discernible AGN
signatures in the infrared. Yet, the observed PAH-to-
infrared luminosity ratio is low by a factor of 5–12, com-
pared to modestly obscured starburst-dominated galax-
ies (Imanishi et al. 2007b, 2010).
Table 1 presents the basic properties of these three
optical Seyfert 1 galaxies and eleven LIRGs.
3. OBSERVATIONS AND DATA ANALYSIS
Our observations of the three AGN-dominated Seyfert
1 galactic nuclei (NGC 7469, I Zw 1, IC 4329 A) in band
6 were made within the scope of our ALMA Cycle 1 pro-
gram 2012.1.00034.S (PI = M. Imanishi). Observations
of the eleven LIRGs were performed within our ALMA
Cycle 2 program 2013.1.00032.S (PI = M. Imanishi) and
Cycle 3 program 2015.1.00027.S (PI =M. Imanishi). Our
Cycle 1 program was transferred to Cycle 2, and actual
observations were conducted during the ALMA Cycle 2
observing period. Observation details are summarized in
Table 2. Although HCN/HCO+ J=4–3 and HNC J=3–
2/J=4–3 data were also taken for LIRGs during our Cy-
cle 2 and 3 programs, we focus on the HCN/HCO+ J=3–
2 emission line properties in this paper, because only
HCN/HCO+ J=3–2 emission line data were obtained
for the AGN-dominated optical Seyfert 1 nuclei. The
remaining emission lines of LIRGs will be discussed by
Imanishi et al. (2016c).
We adopted the widest 1.875-GHz-width mode in each
spectral window to cover as wide a frequency as possible.
To simultaneously observe our target lines, HCN J=3–
2 (νrest = 265.89 GHz), HCO
+ J=3–2 (νrest = 267.56
GHz), HCN v2=1f J=3–2 (νrest = 267.20 GHz), and
HCO+ v2=1f J=3–2 (νrest = 268.69 GHz), we used three
spectral windows, each of which covered (1) HCN J=3–2,
(2) HCN v2=1f J=3–2 and HCO
+ J=3–2, and (3) HCO+
v2=1f J=3–2, respectively. Because the interferometer in
ALMA band 6 can cover 5 GHz at the upper sideband or
lower sideband, HCN and HCO+ at both v=0 (the vibra-
tional ground level) and v2=1 (the vibrationally excited
level) could be observed simultaneously at J=3–2, which
is not possible at J=4–3 in ALMA band 7.
We began our data analysis from calibrated data pro-
vided by the Joint ALMA Observatory, using CASA
(https://casa.nrao.edu). We first checked the visibility
plots to see if the signatures of the targeted bright emis-
sion lines were visible. The presence of HCN J=3–2 and
HCO+ J=3–2 emission lines was evident in the visibil-
ity plots of all observed galaxies, except for IC 4329 A.
We estimated the continuum flux level using channels
that were unaffected by strong emission lines. The esti-
mated continuum levels were subtracted using the task
“uvcontsub”; the task “clean” was then applied to cre-
ate final continuum-subtracted molecular line data. The
clean task was also applied to the extracted continuum
data themselves. For these clean procedures, 40-channel
binning of velocity channel with ∼0.5 km s−1 spacing
for each (resulting resolution is ∼20 km s−1) and a pixel
scale of 0.′′1 pixel−1 were basically utilized. For LIRGs
observed in ALMA Cycle 3, data were taken and deliv-
ered with four channels binning (Spec Avg. = 4 in the
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ALMA Observing Tool) to reduce the ALMA data rate,
for which we used 20-channel spectral binning. The net
velocity resolution was ∼40 km s−1. Since these LIRGs
observed in ALMA Cycle 3 showed large line widths with
>200 km s−1 in FWHM for bright molecular emission
lines (see §3), we can properly trace their emission line
profiles and estimate their fluxes based on Gaussian fit-
ting. As some of our targets displayed spatially extended
structures, we applied the primary beam correction to all
data, although its effects are relatively limited as long as
we discuss emission from the central few arcsec regions.
When we created the ∼20 km s−1 resolution spectrum of
The Superantennae (the broadest molecular line source)
from the cleaned data, it was found that continuum levels
in the spectral windows that contained the HCN J=3–
2 and HCO+ J=3–2 emission lines were negative in our
first continuum determination due to continuum over-
subtraction. We thus re-determined the continuum lev-
els in these spectral windows using only a small number
of data points at the edge of each spectral window, suf-
ficiently separated from the broad HCN/HCO+ J=3–2
emission line peaks. In the revised determination, signals
outside the emission lines in the continuum-subtracted
spectra became almost zero. However, it was uncertain
whether data at the edge of these spectral windows were
completely line-free. For The Superantennae, continuum
determination ambiguities could be larger than for other
sources. According to the ALMA Cycle 1, 2, and 3 Pro-
poser’s Guides, the absolute calibration uncertainty of
our ALMA band 6 data should be <10%. The position
reference frames are FK5 for objects observed in ALMA
Cycles 1 and 2, and ICRS for those observed in ALMA
Cycle 3.
4. RESULTS
Figure 1 displays continuum maps of the three optical
Seyfert 1 galaxies, NGC 7469, I Zw 1, and IC 4329 A.
Continuum emission at ∼250–260 GHz (observed frame)
is clearly detected at the nuclear regions in all sources.
In NGC 7469, continuum emission is also detected in the
three starburst regions, which we denote as SB1, SB2,
and SB3. The observed continuum emission properties
are summarized in Table 3.
Continuum maps of the LIRGs observed in ALMA Cy-
cles 2 and 3 are shown in Figures 2 and 3, respectively.
Continuum emission is detected in the nuclei of all galax-
ies. In IRAS 12112+0305, the emission is seen both at
the NE and SW nuclei, with the NE nucleus brighter than
that of the SW. In NGC 1614, continuum emission is spa-
tially extended, and arises primarily from two distinct
regions. We investigate the possible continuum emission
signal for the fainter IRAS 08572+3915 SE and IRAS
12127−1412 SW nuclei, but detection is <3σ within 1”
around the near-infrared position defined by Kim et al.
(2002). The fainter northern nucleus of The Superanten-
nae, located at ∼1.′′5 west and ∼8” north of the main
southern nucleus (Reunanen et al. 2007; Jia et al. 2012),
is also undetected with>3σ in the continuummap within
1” around the expected position. For IRAS 22491−1808,
we attribute the detected nuclear position in the contin-
uum to the eastern nucleus (Kim et al. 2002; Haan et al.
2011). The fainter secondary western nucleus, ∼2” sepa-
rated from the main eastern nucleus (Kim et al. 2002), is
not clearly detected. For PKS 1345+12, the coordinate
of the ALMA continuum emission peak agrees with that
of a VLBI radio emission peak (Ma et al. 1998), and we
regard that the detected continuum emission originates
from the CO J=1–0 detected western nucleus (Evans et
al. 1999).
For IRAS 13509+0442 in Figure 3, continuum emis-
sion is detected not only at the nucleus but also at (13
53 31.66, +04 28 13.1)J2000, ∼1′′ east and 8–9′′ north
of the IRAS 13509+0442 nucleus. This source is de-
tected also in our band 7 continuum map at ∼313 GHz
at the same position with ∼3.6 mJy (Imanishi et al.
2016c). In the Sloan Digital Sky Survey (SDSS) optical
image, two sources were detected at ∼10′′ north of IRAS
13509+0442, identified as SDSS J135331.89+042816.4
(z=0.186 galaxy) and J135331.44+042813.8, but their
positions were significantly (>3′′) offset from our
ALMA continuum-detected source. Further high-spatial-
resolution multiple-frequency data will help to unravel
the nature of this optically faint, millimeter-bright
source.
In Figure 4, we show the full frequency coverage spec-
tra, within the beam size, at the nuclear positions of
three optical Seyfert 1 galaxies and three starburst re-
gions (SB1, SB2, and SB3) of NGC 7469. To investigate
the emission properties from the entire starburst ring of
NGC 7469, we also present an area-integrated spectrum
in Figure 4e, by integrating signals at the annular region
with 0.′′8–2.′′5 radius, centered at the nuclear position of
NGC 7469.
The full frequency coverage spectra for the eleven
LIRGs are shown in Figure 5. Spectra at the nuclear po-
sitions are shown, within the beam size, with the excep-
tion of NGC 1614. In the spectrum of IRAS 15250+3609
in Figure 5(j), a broad dip is visible at the higher fre-
quency side of the HCO+ J=3–2 emission. A similar
profile was observed for HCO+ J=4–3 and J=3–2 emis-
sion lines in the ULIRG Arp 220 (Sakamoto et al. 2009),
and was interpreted as the P Cygni profile due to out-
flow. It is likely that IRAS 15250+3609 displays similar
HCO+ outflow activity. A similar dip, however, is not
clearly evident at the higher frequency side of the HCN
J=3–2 emission line, suggesting that a larger fraction of
HCO+ is in the outflow component than HCN. A nar-
row dip at the lower frequency side of the HCO+ J=3–2
emission is interpreted to be of inflow origin, as seen in
some fraction LIRGs (Veilleux et al. 2013). In Figure
5(n), no significant molecular emission line was observed
at the position of the NE source detected in the contin-
uum map of IRAS 13509+0442.
Integrated intensity (moment 0) maps were created for
the HCN J=3–2 and HCO+ J=3–2 emission lines, by
summing velocity channels with discernible signal signs,
with no cut-off in signal-to-noise ratios. Because NGC
7469 and NGC 1614 show morphologies with multiple
emission components, their moment 0 maps are pre-
sented in Figures 6 and 7, respectively. Figure 8 shows
the moment 0 maps of the remaining galaxies whose
molecular emission predominantly arises from nuclear re-
gions only. The HCN J=3–2 and HCO+ J=3–2 emis-
sion line properties in these moment 0 maps are sum-
marized in Tables 4 and 5, respectively. The peak po-
sitions of the HCN J=3–2 and HCO+ J=3–2 emission
lines spatially agree with the continuum emission peaks
within one pixel (0.′′1) in both the RA and DEC direc-
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tions, with the exception of NGC 1614. The secondary
nuclei of IRAS 08572+3915, The Superantennae, IRAS
22491−1808, IRAS 12127−1412 and PKS 1345+12 are
not detected with >3σ in the moment 0 maps of the
HCN J=3–2 and HCO+ J=3–2 emission lines.
For NGC 1614, the peak positions of the HCN J=3–2
and HCO+ J=3–2 moment 0 maps in Figure 7 are signifi-
cantly offset from the continuum peak positions in Figure
2. The molecular gas emission peaks in the moment 0
maps of NGC 1614 agree within one pixel between HCN
J=3–2 and HCO+ J=3–2. We denote the northern peak
at (04 34 00.00, −08 34 44.4)J2000 and southern peak at
(04 33 59.98, −08 34 45.2)J2000 as SB1 and SB2, respec-
tively, based on the HCN J=3–2 moment 0 map of NGC
1614. Full frequency coverage spectra of NGC 1614 at
the SB1 and SB2 peaks, within the beam size, are shown
in Figure 5(f) and 5(g), respectively. An area-integrated
spectrum in a circular region with a radius of 2.′′5 around
(04 34 00.03, −08 34 44.6)J2000 is also shown in Figure
5(h).
Gaussian fits for the HCN J=3–2 and HCO+ J=3–2
emission lines in the spectra, within the beam size, at
the individual multiple positions of NGC 7469 and NGC
1614 are shown in Figures 6 and 7, respectively. Fig-
ure 9 displays Gaussian fits for the remaining sources.
Estimates of the HCN J=3–2 and HCO+ J=3–2 emis-
sion line fluxes are based on the peak pixel values in
the moment 0 maps and Gaussian fits within the beam
size, and are summarized in Tables 4 and 5, respectively.
Both estimates generally agree within ∼20%. We will
adopt the fluxes estimated from Gaussian fits for these
detected emission lines. For the area-integrated spectra
of NGC 7469 and NGC 1614, only flux estimates based
on Gaussian fits are available, and will be used for our
discussion.
Zoom-in spectra of the AGN-dominated nuclei of the
two optical Seyfert 1 galaxies with clearly detectable
HCN and HCO+ J=3–2 emission lines (NGC 7469 and
I Zw 1) are displayed in Figure 10, to better investigate
the HCN and HCO+ v2=1f J=3–2 emission lines. Their
presence is, however, unclear. We created their moment
0 maps by summing ten velocity channels at the expected
frequencies of the HCN and HCO+ v2=1f J=3–2 lines,
but there is no signature of these emission lines at all.
The 3σ upper limit, relative to the rms noise, is shown
in Table 6.
In the spectra of IRAS 08572+3915, IRAS 12112+0305
NE, IRAS 22491−1808, and IRAS 20414−1651 in Figure
5, an emission tail is recognizable at the lower frequency
side of the HCO+ J=3–2 emission line. Figure 10 dis-
plays zoomed-in spectra around the HCO+ J=3–2 emis-
sion lines for these four sources, to better distinguish the
emission tails. As these tails are not visible at the higher
frequency side of the HCO+ J=3–2 emission lines, the
most natural interpretation for the lower frequency side
of the tails is the contribution from the HCN v2=1f J=3–
2 emission line (Aalto et al. 2015a,b).
IRAS 15250+3609 shows a weak emission sub-peak at
the expected frequency of the HCN v2=1f J=3–2 line,
at the lower frequency side of the strong HCO+ J=3–2
emission (Figure 5). However, a similar weak emission
sub-peak is also observed at the lower frequency side of
the HCN J=3–2 emission line (Figure 5). Figure 11 com-
pares the velocity profile of the HCN J=3–2 and HCO+
J=3–2 emission lines, after normalizing the Gaussian-fit
peak flux for the main bright emission component. The
emission line flux of the sub-peak component, relative to
the main component, is higher for HCO+ J=3–2 than
HCN J=3–2. Although this could be due partly to the
contribution from the HCN v2=1f J=3–2 emission to the
sub-peak component of HCO+ J=3–2, the expected HCN
v2=1f J=3–2 emission peak for z =0.0552 is slightly off-
set from the observed sub-peak component of HCO+ in
velocity (Figure 11). It is more likely that the outflow-
origin redshifted and blueshifted components, relative
to the main molecular emission component at the nu-
cleus, are stronger for HCO+ than HCN, which produces
stronger P Cygni profile for HCO+. A similar trend is
seen also at the J=4–3 data of HCN and HCO+ for IRAS
15250+3690 (Imanishi et al. 2016c). We made moment
0 maps of the sub-peak component of the HCN J=3–
2 (10 velocity channels) and HCO+ J=3–2 (7 velocity
channels) and detected these emission lines with 0.70
[Jy beam−1 km s−1] (5.8σ) and 0.72 [Jy beam−1 km
s−1] (9.2σ) for HCN J=3–2 and HCO+ J=3–2, respec-
tively. The peak position of the HCO+ J=3–2 sub-peak
component spatially coincides with the continuum peak,
but that of HCN J=3–2 is shifted to the north with 2
pix (0.′′2). However, the position determination accuracy
of the HCN J=3–2 sub-peak component is on the order
of (beam-size)/(signal-to-noise-ratio) ∼ 1.21/5.8 ∼ 0.′′21.
We see no clear evidence that the sub-peak component
is spatially offset from the continuum peak at the nu-
cleus. If the sub-peak component is of outflow origin,
the outflow is compact and is located close to the nu-
cleus in the moment 0 maps. Since the continuum flux
at ∼250 GHz is ∼11 mJy beam−1 (Table 3), the flux at-
tenuation by outflow of HCO+ gas at J=3–2 is ∼20%, or
an optical depth with τ ∼ 0.2, for the broad absorption
component at vopt = 15800–16400 km s
−1 (Figure 11).
For the narrow absorption component at vopt ∼ 16800
km s−1 (Figure 11), which is likely to be of inflow origin,
the flux attenuation is >40%.
For IRAS 08572+3915, IRAS 12112+0305 NE, IRAS
22491−1808, and IRAS 20414−1651, we created the inte-
grated intensity (moment 0) maps by integrating signals
marked with the horizontal solid straight lines (bracketed
by the short vertical solid lines) in Figure 10, where the
bulk of the possible HCN v2=1f J=3–2 emission lines are
covered, while contamination from HCO+ J=3–2 emis-
sion lines is minimized, based on our Gaussian fits of the
HCO+ J=3–2 emission lines. In the HCN v2=1f J=3–2
emission line moment 0 maps of IRAS 12112+0305 NE
and IRAS 22491−1808, the HCN v2=1f J=3–2 emission
line was detected with 4.5σ and 4σ, respectively (Ta-
ble 6), although a possible contribution from the bright
HCO+ v=0 J=3–2 emission line cannot completely be
ruled out. These moment 0 maps are shown in Figure
12. For IRAS 08572+3915 and IRAS 20414−1651, we
barely see possible sign of HCN v2=1f J=3–2 emission
at the position close to the continuum peak, but the de-
tection significance is ∼2σ in the moment 0 maps, partly
because not all the HCN v2=1f J=3–2 emission compo-
nents can be used to create the moment 0 maps, due to
the contamination from the nearby much brighter HCO+
v=0 J=3–2 emission line. We see no discernible signature
of the HCN v2=1f J=3–2 emission line in the remaining
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LIRGs. There is no clear sign of the HCO+ v2=1f J=3–2
emission line in any of the observed galaxies.
The deconvolved, intrinsic emission sizes, estimated us-
ing the CASA task “imfit”, for spatially not-clearly re-
solved sources are shown in Table 7. The luminosities of
the vibrational ground (v=0) HCN/HCO+ J=3–2 emis-
sion lines are provided in Table 8. Table 9 tabulates the
luminosities of vibrationally excited (v2=1f) HCN J=3–
2 emission lines for sources with >3σ detection (IRAS
12112+0305 NE and IRAS 22491−1808).
Intensity-weighted mean velocity (moment 1) and
intensity-weighted velocity dispersion (moment 2) maps
for HCN/HCO+ J=3–2 (v=0) emission lines are shown
in Figure 13. The similar emission morphology and dy-
namics in moment 0, 1, and 2 maps between HCN J=3–2
and HCO+ J=3–2 support our previous view (§1) that
these emission lines originate in spatially similar regions
within individual galaxies.
5. DISCUSSION
5.1. Vibrationally excited HCN/HCO+ J=3–2 emission
lines
5.1.1. Luminous infrared galaxies
Because the energy levels of the vibrationally excited
(v2=1) state for HCN (∼1030 K) and HCO
+ (∼1200 K)
are too high to be excited by collisions, infrared radiative
pumping is thought to be necessary for vibrational exci-
tation (Sakamoto et al. 2010). Due to a large amount of
AGN-heated hot (> few 100 K) dust emission, the 14 µm
luminosity in an AGN is significantly higher than that in
a starburst for the same bolometric luminosity (Marshall
et al. 2007; Vega et al. 2008). Thus, HCN vibrational ex-
citation, through the absorption of infrared 14 µm pho-
tons, is expected to occur more efficiently in an AGN
than in a starburst. In fact, the HCN v2=1f emission
lines at J=3–2 and/or J=4–3 have recently been detected
in gas/dust-rich LIRGs, which most likely, or plausibly,
contain luminous AGNs, i.e., NGC 4418 (Sakamoto et al.
2010; Costagliola et al. 2015), IRAS 20551−4250 (Iman-
ishi & Nakanishi 2013b; Imanishi et al. 2016a), Mrk 231
(Aalto et al. 2015a), and a few further LIRGs (Aalto et
al. 2015b; Martin et al. 2016), demonstrating that this
infrared radiative pumping mechanism actually works in
some AGNs.
As the frequencies of HCN v2=1f and HCO
+ v=0 are
very close to each other at J=3–2 and J=4–3, we can only
clearly separate these lines for galaxies with small molec-
ular line widths, such as NGC 4418 (Sakamoto et al.
2010), IRAS 20551−4250 (Imanishi & Nakanishi 2013b;
Imanishi et al. 2016a), and IC 860 (Aalto et al. 2015b).
For the majority of the other galaxies, these lines are
blended. Even if the HCN v2=1f J=3–2 or J=4–3 emis-
sion line is detected, it is recognized as a tail at the
lower frequency side of the much brighter HCO+ v=0
J=3–2 or J=4–3 emission line (Aalto et al. 2015a,b; Mar-
tin et al. 2016). The four ULIRGs, IRAS 08572+3915,
IRAS 12112+0305 NE, IRAS 22491−1808, and IRAS
20414−1651, show these profiles. In particular, IRAS
12112+0305 NE and IRAS 22491−1808 can be catego-
rized as sources that display detectable HCN v2=1f J=3–
2 emission lines, given the >4σ detection in the moment
0 maps (Figure 12). For IRAS 08572+3915 and IRAS
22491−1808, similar HCN v2=1f J=4–3 emission tails
were not clearly seen in our ALMA Cycle 0 band 7 data
(Imanishi & Nakanishi 2014); however, this is not sur-
prising due to the improved performance of ALMA Cy-
cle 2 data and intrinsically lower noise in band 6 with
lower background emission, than in band 7. For IRAS
12112+0305 NE, a similar signature of the HCN v2=1f
J=4–3 emission line at the lower frequency side of HCO+
v=0 J=4–3 was observed in our ALMA Cycle 2 data, de-
spite a lower detection significance than J=3–2, while no
significant emission tail is recognizable at the lower fre-
quency side of HCN v=0 J=4–3 (Imanishi et al. 2016c).
While IRAS 08572+3915 is classified as a ULIRG pos-
sessing a luminous buried AGN in the infrared spectrum,
IRAS 12112+0305 NE, IRAS 22491−1808, and IRAS
20414−1651 display no clear infrared buried AGN sig-
natures. The signatures of the HCN v2=1f J=3–2 emis-
sion lines in our data suggest the presence of strong mid-
infrared 14 µm continuum-emitting sources at the nu-
clei of these two LIRGs. The HCN v2=1f J=3–2 to in-
frared luminosity ratios are >7 × 10−9 and ∼9 × 10−9
for IRAS 12112+0305 NE and IRAS 22491−1808, re-
spectively. These ratios are several factors higher than
that in the Galactic active (>10 L⊙/M⊙) and luminous
(>107L⊙) star-forming region, W49A (<1.2 × 10
−9)
(Nagy et al. 2015; Imanishi et al. 2016a). A luminous
buried AGN is a plausible origin, although the possibil-
ity of a very compact extreme starburst cannot be com-
pletely ruled out (Aalto et al. 2015b). IRAS 12112+0305
NE and IRAS 22491−1808 are candidates that contain
extremely deeply buried AGNs whose signatures are not
seen in infrared 5–35 µm spectroscopic energy diagnostic
methods due to dust extinction, but are revealed by our
(sub)millimeter method because of the reduced effects
of dust extinction (Draine & Lee 1984). If this is the
case, (sub)millimeter observations could be an even more
powerful method for detecting extremely deeply buried
AGNs in LIRGs. IRAS 20414−1651 may also belong to
this class, but higher quality data are needed to quanti-
tatively better estimate the HCN v2=1f J=3–2 emission
line luminosity.
The HCO+ v2=1f J=3–2 emission line is not clearly
detected in any of the observed three optical Seyfert 1s
and eleven LIRGs. Like HCN, infrared radiative pump-
ing should also work for HCO+, because HCO+ can be
excited to the v2=1 level by absorbing infrared 12 µm
photons (Davies et al. 1984; Kawaguchi et al. 1985). The
infrared radiative pumping rate (PIR) is
PIR∝Bv2=0−1,vib × Fν(IR) ×Nv=0, (1)
where Bv2=0−1,vib is the Einstein B coefficient from v=0
to v2=1, Fν(IR) is the infrared flux in [Jy] used for the in-
frared radiative pumping of HCN and HCO+, and Nv=0
is the column density at the v=0 level. Here, the pos-
sible difference in population between HCN and HCO+
at rotational J-levels within v=0 and v2=1 is not con-
sidered. As discussed in Imanishi et al. (2016a), the
Bv2=0−1,vib values are comparable within 10% between
HCN and HCO+. The Fν(IR) values at 12 µm and 14 µm
for the observed galaxies are derived from their Spitzer
IRS low-resolution spectra (Brandl et al. 2006; Imanishi
et al. 2007b; Wu et al. 2009). For sources with strong 9.7
µm silicate dust absorption features, power law continua
determined from data points outside the broad 9.7 µm
absorption features are utilized to estimate the intrinsic
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infrared flux at 14 µm and 12 µm, which are used for
the vibrational excitation to v2=1 of HCN and HCO
+,
respectively. In none of the galaxies was the intrinsic
14 µm flux >30% larger than the intrinsic 12 µm flux.
Therefore, at least for the observed galaxies in this paper,
the term Bv2=0−1,vib × Fν(IR) does not differ greatly be-
tween HCN and HCO+ and thereby, under similar HCN
and HCO+ abundance, the infrared radiative pumping
rate is comparable between HCN and HCO+. If the
flux of the HCN v2=1f J=3–2 emission line is signifi-
cantly higher than that of HCO+ v2=1f J=3–2, HCN
should then have a significantly higher column density,
and thereby a higher abundance, than HCO+, unless
excitation conditions at J=3 significantly differ between
HCN and HCO+ (Imanishi et al. 2016a).
The upper limit of the HCO+ v2=1f J=3–2 flux (Table
6) is only 10–20% lower than the flux of the HCN v2=1f
J=3–2 emission lines, even for IRAS 12112+0305NE and
IRAS 22491−1808. Thus, our only constraint is that
the HCN abundance is at least comparable to HCO+ or
possibly higher.
5.1.2. Optical Seyfert galaxies
The original science goal of our ALMA Cycle 1 pro-
gram was to detect the HCN v2=1f J=3–2 emission lines
from the AGN-dominated nuclear regions of the three
Seyfert 1 galaxies, NGC 7469, I Zw 1, and IC 4329 A. In
NGC 7469 and I Zw 1, the clear detection of the HCN
and HCO+ J=3–2 emission lines at v=0 suggests that at
least a modest amount of dense molecular gas is present
at the nuclei. If the infrared radiative pumping mecha-
nism is commonly working in AGNs, it is expected that
a number of HCN and HCO+ v2=1f emission lines are
produced. We did not detect HCN/HCO+ v2=1f J=3–2
emission lines in these AGN-dominated Seyfert 1 nuclei,
and this requires some quantitative consideration. For
the NGC 7469 nucleus, the HCN v2=1f J=4–3 emission
line was also undetected by ALMA observations (Izumi
et al. 2015).
For the non-detected v2=1f J=3–2 emission lines of
HCN and HCO+, we use the 3σ upper limits from the
moment 0 maps tabulated in Table 6 for our discussion.
As there is no existing report for the detection of the
HCO+ v2=1f J=3–2 emission line in external galaxies, we
focus here on the HCN v2=1f J=3–2 line. The observed
v2=1f to v=0 flux ratios at J=3–2 for HCN are <0.02
and <0.04 for NGC 7469 and I Zw 1 nuclei, respectively.
For LIRGs with detected HCN v2=1f emission lines, the
observed HCN v2=1f to v=0 flux ratios at J=3–2 or J=4–
3 are ∼0.04 in IRAS 20551−4250 and Mrk 231 (Imanishi
& Nakanishi 2013b; Aalto et al. 2015a; Imanishi et al.
2016a), and 0.1–0.2 for the other sources (Sakamoto et
al. 2010; Aalto et al. 2015b; Martin et al. 2016). The
observed ratios in NGC 7469 (<0.02) and I Zw 1 (<0.04)
are lower than these ratios.
We consider that a plausible scenario for the non-
detection of the HCN v2=1f J=3–2 emission line in
NGC 7469 and I Zw 1 is the small line opacity of the
HCN v=0 J=3–2 emission. Thus far, the HCN v2=1f
J=3–2 or J=4–3 emission lines have been detected in
LIRGs with buried AGNs whose signatures are unclear
in the optical spectroscopic classification, except for Mrk
231 (Sakamoto et al. 2010; Imanishi & Nakanishi 2013b;
Aalto et al. 2015a,b; Martin et al. 2016). Although Mrk
231 is classified optically as a Seyfert 1 galaxy due to the
detection of broad optical emission lines (Veilleux et al.
1999; Yuan et al. 2010), the AGN emission in Mrk 231
is estimated to be highly obscured in infrared and X-ray
data (Armus et al. 2007; Teng et al. 2014). It is likely
that Mrk 231 is not a bona fide unobscured Seyfert 1
galaxy, but rather an obscured AGN.
For the obscured AGN-hosting LIRGs with detectable
HCN v2=1f emission lines, significant flux attenuation
by line opacity of the HCN v=0 emission is indicated
(Sakamoto et al. 2010; Aalto et al. 2015a,b; Imanishi et
al. 2016a; Martin et al. 2016). For NGC 4418, IRAS
20551−4250, and Mrk 231, the line-opacity-corrected in-
trinsic HCN v2=1f to v=0 flux ratios are quantitatively
estimated to be ∼0.01 (Sakamoto et al. 2010; Aalto et al.
2015a; Imanishi et al. 2016a). These ratios are smaller
than the upper limits at the NGC 7469 and I Zw 1 nuclei.
NGC 7469 and I Zw 1 are classified optically as Seyfert 1
(= unobscured AGNs); thus, the direction along our line
of sight in front of the AGN is at least clear of gas and
dust. It is likely that molecular gas and dust are present
in the close vicinity of the AGNs in the direction per-
pendicular to our sightline. If the ratio of rotational to
random velocity of molecular gas does not differ greatly
between unobscured optical Seyfert 1 AGNs and buried
AGNs in LIRGs, the column density ratio along the max-
imum and minimum column density directions is not dis-
similar. The presence of a transparent direction suggests
that the total amount of nuclear molecular gas in un-
obscured AGNs is smaller than buried AGNs in LIRGs
(Imanishi et al. 2007b, 2010). Thus, the flux attenuation
of the HCN and HCO+ v=0 emission by line opacity is
also expected to be smaller in unobscured AGNs. Izumi
et al. (2015) estimated the line opacity for the HCN v=0
J=4–3 emission to be <3.5 for the NGC 7469 nucleus.
Even if unobscured AGNs and buried AGNs show in-
trinsically similar HCN v2=1f to v=0 flux ratios, the ob-
served HCN v2=1f to v=0 flux ratios in buried AGNs can
become larger due to higher HCN v=0 flux attenuation.
The upper limits of the observed HCN v2=1f to v=0
flux ratios at J=3–2 at the NGC 7469 and I Zw 1 nuclei
are still consistent with the scenario that the efficiency
of infrared radiative pumping in these unobscured-AGN-
dominant nuclei is as high as that of buried AGNs with
detected HCN v2=1f emission lines. If this scenario is
indeed the case, then HCN v2=1f J=3–2 emission lines
should be detected from the nuclei of NGC 7469 and I
Zw 1 in data with a factor of 5–10 better sensitivity, even
in the case that the line opacity correction of HCN v=0
J=3–2 emission is negligible. Future higher sensitivity
observations and line opacity estimates for the HCN v=0
J=3–2 emission line will help to quantify how infrared
radiative pumping works in various types of AGNs, in-
cluding unobscured AGNs in optical Seyfert 1 galaxies
and buried AGNs in LIRGs.
5.2. HCN to HCO+ J=3–2 flux ratios
5.2.1. Observed ratios
The HCN-to-HCO+ J=3–2 flux ratios at individual
positions in individual galaxies are displayed in Fig-
ure 14. The NGC 7469 nucleus and I Zw 1 are clas-
sified as Seyfert 1s. In NGC 7469, SB1, SB2, SB3,
and the SB ring (0.′′8–2.′′5 annular region) are taken
10 Imanishi et al.
to be starburst-dominated. For NGC 1614, all re-
gions are regarded as starburst-dominated. Among
the other LIRGs, IRAS 08572+3915, The Superan-
tennae, IRAS 12127−1412, IRAS 15250+3609, PKS
1345+12, and IRAS 06035−7102 are categorized as ob-
scured AGNs, based on infrared spectroscopic energy
diagnostic methods (§2). IRAS 12112+0305 NE and
IRAS 22491−1808 are now classified as infrared-elusive,
but (sub)millimeter-detectable, extremely deeply buried
AGN candidates (§5.1.1). We tentatively include IRAS
20414−1651 in this category as well, because its spec-
trum in Figure 10 shows a more clearly discernible HCN
v2=1f J=3–2 emission signature at the lower frequency
part of the bright HCO+ v=0 J=3–2 emission than other
ULIRGs (IRAS 12112+0305 SW, IRAS 12127−1412,
PKS 1345+12, IRAS 06035−7102, IRAS 13509+0442).
IRAS 12112+0305 SW and IRAS 13509+0442 show no
AGN signature in either infrared or our new ALMA
(sub)millimeter data. Our ALMA Cycle 2 results of the
buried-AGN-hosting ULIRG IRAS 20551−4250 (Iman-
ishi et al. 2016a), and multiple AGN-dominated nuclear
regions of the optical Seyfert 2 galaxy, NGC 1068 (Iman-
ishi et al. 2016b), are also plotted. In addition to these
ALMA data, HCN J=3–2 and HCO + J=3–2 simulta-
neous observational data for NGC 4418 (Sakamoto et al.
2010) and NGC 1097 (Hsieh et al. 2012) taken with Sub-
millimeter Array (SMA), and those for Mrk 231 (Aalto
et al. 2015a) obtained with IRAM Plateau de Bure Inter-
merometer (PdBI), are added, by classifying NGC 4418,
the NGC 1097 nucleus, the NGC 1097 starburst ring,
and Mrk 231 as a buried AGN, Seyfert 1, starburst, and
an obscured AGN, respectively.
In Figure 14, we see a clear trend for AGNs, includ-
ing infrared-elusive buried AGN candidates, to show ele-
vated HCN-to-HCO+ J=3–2 flux ratios, compared with
starburst regions. Multiple starburst regions in NGC
7469 and NGC 1614, and other starburst galaxies (IRAS
12112+0305 SW, IRAS 13509+0442, and NGC 1097 off-
nuclear starburst) consistently show low HCN-to-HCO+
J=3–2 flux ratios. Hence, the low ratios are interpreted
to be a general property of starbursts, rather than a spe-
cific property of a particular starburst region. The ex-
cess of the flux ratios in AGN-dominant nuclei in optical
Seyferts and LIRGs with luminous obscured AGN signa-
tures, compared with starbursts, is taken to be a robust
result.
A similar HCN-to-HCO+ flux enhancement in AGNs
at J=1–0 has been proposed (Kohno 2005; Krips et al.
2008; Costagliola et al. 2011; Privon et al. 2015; Izumi
et al. 2016), and was the basis for our ALMA obser-
vations. The enhanced HCN-to-HCO+ flux ratios in
AGNs appear to be common at different J-transition
lines. As mentioned in §1, the HCN-to-HCO+ flux com-
parison at J=3–2 is applicable to many interesting nearby
LIRGs at z=0.06–0.3 (Kim & Sanders 1998), whose HCN
and HCO+ observations at J=1–0 are not possible with
ALMA.
5.2.2. Interpretation
The observed HCN-to-HCO+ flux enhancement in
AGNs, compared with starbursts, is naturally explained
if (1) the HCN abundance is enhanced and/or (2) HCN
excitation to J=3 is higher, as discussed by Imanishi et al.
(2016a). Regarding scenario (1), it is clear that enhanced
molecular abundance generally produces a higher flux of
that molecule in the optically thin regime. When line
opacity becomes significant, the emission line flux does
not increase proportionally to the increased abundance.
However, adopting the widely accepted clumpy molec-
ular gas model, where molecular clouds consist of ran-
domly moving clumps with a small volume filling factor
and the line opacity is primarily inside each clump, rather
than different clumps in the foreground with different ve-
locities (Solomon et al. 1987), an increasing HCN abun-
dance will result in an increased HCN flux even in the
optically thick regime, if each clump has a decreasing ra-
dial density profile (Imanishi et al. 2007a). This behavior
differs from molecular clouds with a smooth gas distribu-
tion, where the observed molecular line flux saturates at
some point when the opacity exceeds a certain threshold.
Regarding scenario (2), the critical density of HCN is a
factor of ∼5 higher than HCO+ at the same J-transition
(Meijerink et al. 2007; Greve et al. 2009), under the same
line opacity. For molecular gas with the same tempera-
ture and density, HCO+ J=3–2 is more easily excited (to
close to the thermalized condition) than HCN J=3–2. As
the temperature of molecular gas in the close vicinity of
an AGN can be higher than that in a starburst due to the
AGN’s higher emission surface brightness (§1), if HCO+
J=3–2 is thermally excited and HCN J=3–2 is only sub-
thermally excited in some starbursts, and if AGNs can
excite HCN J=3–2 closer to the thermal condition, then
the observed HCN-to-HCO+ J=3–2 flux ratios in AGNs
can show some excess, relative to those in starbursts,
even under similar abundance. Among the galaxies ob-
served in our ALMA programs, HCN J=1–0 flux data
are available for IRAS 08572+3916 by pre-ALMA inter-
ferometric observations (Imanishi et al. 2007a) and for
I Zw 1 by single-dish telescope observations (Evans et
al. 2006). The HCN J=3–2 to J=1–0 flux ratios are
∼1.1 and ∼2.2 for IRAS 08572+3915 and I Zw 1, re-
spectively. These values are substantially lower than the
ratio of nine, which is expected from thermally excited
optically thick molecular gas. The deviation is larger for
IRAS 08572+3915 than I Zw 1. For IRAS 08572+3915,
the J=4–3 to J=3–2 flux ratios are 1.3±0.1 for HCN
and 1.4±0.1 for HCO+ (Imanishi & Nakanishi 2014),
both of which are lower than the 1.8 (=16/9) expected
for thermally excited optically thick gas. The signifi-
cant sub-thermal excitation of IRAS 08572+3915may be
partly responsible for the relatively low observed HCN-
to-HCO+ J=3–2 flux ratio, compared with other AGNs
(Figure 14).
It has been argued that an infrared radiative pumping
mechanism can enhance the observed HCN v=0 J=3–2
flux (Carrol & Goldsmith 1981; Aalto et al. 1995; Rang-
wala et al. 2011). Although this is true, such infrared
radiative pumping should also work for HCO+ (§1). As
described in §5.1.1 and Imanishi et al. (2016a), under the
same abundance, the rate of infrared radiative pump-
ing to the v2=1 level does not differ a great deal be-
tween HCN and HCO+ for the observed galaxies. Even
though this infrared radiative pumping may work more
efficiently in AGNs than in starbursts and increase the
absolute fluxes of HCN and HCO+ v=0 J=3–2 emission
lines compared with collisional excitation alone, it is not
clear whether this may be largely responsible for the el-
evated HCN-to-HCO+ v=0 J=3–2 flux ratios in AGNs.
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5.2.3. Line opacity
If HCN abundance enhancement is (at least partly)
responsible for the elevated HCN-to-HCO+ J=3–2 flux
ratios in AGNs, the HCN line opacity could be higher
than HCO+. Even though some AGNs show high ob-
served HCN-to-HCO+ flux ratios, other AGNs may not,
due to higher HCN flux attenuation than HCO+ by line
opacity. Thus, the selection of AGN-important galaxies,
based on the observed high HCN-to-HCO+ flux ratios,
may be incomplete and miss some fraction of AGNs un-
less HCN line opacity is properly corrected for.
In the widely accepted clumpy molecular gas model
(Solomon et al. 1987) mentioned in §5.2.2, the opacity
in a molecular cloud mostly comes from each clump. If
the properties of each clump inside a molecular cloud
are assumed to be uniform (Solomon et al. 1987), the
observed molecular line flux from a molecular cloud is at-
tenuated without significantly changing the observed ve-
locity profiles. An effective way to estimate the HCN line
opacity is the comparison of molecular isotopologues such
HCN and H13CN, assuming a certain intrinsic 12C-to-13C
abundance ratio. The H13CN J=3–2 emission line was
detected for the AGN-hosting LIRG IRAS 20551−4250,
and it was estimated that line opacity correction causes
the intrinsic HCN-to-HCO+ J=3–2 flux ratio to be sub-
stantially larger than the observed flux ratio (Imanishi
et al. 2016a). Among obscured-AGN-classified LIRGs,
PKS 1345+12 and IRAS 06035−7102 also show not-as-
high observed HCN-to-HCO+ J=3–2 flux ratios in Fig-
ure 14. It is not clear at this stage whether the intrinsic
HCN-to-HCO+ J=3–2 flux ratios are similarly non-high
or higher than the observed ratios for these two sources.
Line opacity correction is definitely required to refine the
AGN selection based on the HCN-to-HCO+ J=3–2 flux
ratios.
In the nuclei of some LIRGs, the concentration of
molecular gas could be extreme, and so the volume filling
factor of molecular gas clumps in molecular clouds could
be large. The molecular gas geometry may be better ap-
proximated by a spatially smooth distribution (Downes
et al. 1993; Scoville et al. 2015) rather than the clumpy
structure. In this case, double-peaked molecular emission
line profiles could be produced through self-absorption by
foreground molecular gas, which works preferentially for
the most abundant central velocity component (Aalto et
al. 2015b). IRAS 12112+035 NE and IRAS 20414−1651
display such double-peaked emission line profiles for
HCN J=3–2 and HCO+ J=3–2 (Figures 5 and 9). For
IRAS 12112+0305 NE, a similar profile is also evident
at J=4–3 of HCN and HCO+, albeit at lower S/N ratios
(Imanishi et al. 2016c). The origin of this double-peaked
line profile could be (1) self-absorption and/or (2) emis-
sion being dominated by molecular gas in a prominent
rotating disk.
For case (1), we tried single Gaussian fits using data
not significantly affected by the central dips. These fits
are shown as dotted curved lines in the spectra of IRAS
12112+0305 NE and IRAS 20414−1651 in Figure 9. The
estimated HCN J=3–2 and HCO+ J=3–2 emission line
fluxes, based on the single Gaussian component fits, are
included in Tables 4 and 5, respectively. For IRAS
12112+0305 NE, the fluxes based on the two Gaussian
component fits of the double-peaked profiles are smaller
than those of the single Gaussian fits by ∼25% and ∼50%
for HCN J=3–2 and HCO+ J=3–2, respectively. If these
flux differences are due to self-absorption by foreground
molecular gas inside IRAS 12112+0305 NE, then it is es-
timated that the HCN J=3–2 and HCO+ J=3–2 fluxes
are attenuated by a factor of ∼1.3 and ∼2, respectively.
For IRAS 20414−1651, the fluxes based on the two Gaus-
sian fits are smaller than those of the single Gaussian fits
by a factor of 3–5 for both HCN J=3–2 and HCO+ J=3–
2.
For IRAS 12112+0305 NE and IRAS 20414−1651,
H13CN J=3–2 data have been taken in ALMA Cycle 2
and been marginally detected in the moment 0 maps with
0.28 [Jy beam−1 km s−1] (3.2σ) and 0.20 [Jy beam−1 km
s−1] (3.3σ) (Imanishi et al. 2016c), respectively, which
correspond to the observed HCN-to-H13CN J=3–2 flux
ratios with ∼30 and ∼20. Assuming that the intrinsic
12C/13C abundance ratios in these ULIRGs are 50–100
(Henkel & Mauersberger 1993; Henkel et al. 1993; Mar-
tin et al. 2010; Henkel et al. 2014) and that H13CN
J=3–2 emission is optically thin, it is suggested that
HCN J=3–2 emission is flux-attenuated with a factor
of 1.5–3 and 2.5–5 for IRAS 12112+0305 NE and IRAS
20414−1651, respectively. Hence, if the central dips de-
tected in the HCN J=3–2 and HCO+ J=3–2 emission
in IRAS 12112+0305 NE and IRAS 20414−1651 are due
to self-absorption, the flux attenuation estimated from
the comparison of Gaussian fittings is smaller than that
derived from the HCN-to-H13CN J=3–2 flux compari-
son by a factor of 1–2 for IRAS 12112+0305 NE, while
these two estimates look comparable within uncertainty
for IRAS 20414−1651. However, despite limited signal-
to-noise ratios, double-peaked emission line profiles with
similar velocity peaks to the bright HCN J=3–2 and
HCO+ J=3–2 emission lines or top-flat type line pro-
files, rather than a centrally-peaked single Gaussian pro-
file, are seen for the H13CN J=3–2 and CS J=7–6 emis-
sion lines in IRAS 12112+0305 NE and for H13CN J=3–
2 in IRAS 20414−1651 (Imanishi et al. 2016c). Since
the self-absorption effect is expected to be much smaller
for the fainter H13CN J=3–2 emission line than HCN
J=3–2 and HCO+ J=3–2, it is not clear whether the ob-
served double-peaked emission line profiles detected in
IRAS 12112+0305 NE and IRAS 20414−1651 are ex-
plained solely by the self-absorption.
We next consider the second rotating disk scenario. In
the intensity-weighted mean velocity (moment 1) maps
of IRAS 12112+0305 NE and IRAS 22491−1651 in Fig-
ure 13, the signature of a rotational motion is marginally
seen along the north-east to south-west direction, with
a velocity difference of ∼200–300 km s−1 and ∼400 km
s−1, respectively. They are comparable to the observed
velocity difference of the double peaks in Figure 9. Figure
15 shows the spectra within the beam size, at 3 pix (0.′′3)
north and 3 pix (0.′′3) east (i.e., ∼0.′′4 north-east), and at
3 pix (0.′′3) south and 3 pix (0.′′3) west (i.e., ∼0.′′4 south-
west), relative to the continuum peak positions, for IRAS
12112+0305 NE and IRAS 22491−1651. It is shown that
the red (blue) component is relatively strong at the 0.′′4
north-east (south-west) position, as is expected from the
moment 1 maps of both objects. We interpret that com-
pact rotating disks which are not clearly resolved with
our ALMA beam size (0.′′5–0.′′8) can also contribute sig-
nificantly to the observed double-peaked emission line
12 Imanishi et al.
profiles in IRAS 12112+0305 NE and IRAS 20414−1651.
In summary, AGNs tend to show elevated HCN-to-
HCO+ J=3–2 flux ratios, but some AGNs have non-high
observed HCN-to-HCO+ J=3–2 flux ratios. This could
be explained by a larger flux attenuation caused by line
opacity for HCN than HCO+, if the HCN abundance
is higher than HCO+. In this respect, although we may
be able to say that the elevated observed HCN-to-HCO+
J=3–2 flux ratios are good AGN signatures, not all AGNs
are selected based on the observed high HCN-to-HCO+
J=3–2 flux ratios. Line opacity correction will make our
method even more powerful and complete by reducing
the number of missing AGNs. Clear double-peaked HCN
J=3–2 and HCO+ J=3–2 emission line profiles are seen
in IRAS 12112+0305 NE and IRAS 20414−1651, which
we interpret that rotating disks contribute significantly,
in addition to a possible self-absorption effect.
5.3. Non-detection of molecular gas in IC 4329 A
The non-detection of the HCN J=3–2 and HCO+ J=3–
2 emission lines in IC 4329 A was unexpected. In this
subsection, we briefly consider its possible causes. The
three Seyfert 1 galaxies, NGC 7469, I Zw 1, and IC 4329
A, were selected because their nuclear infrared L-band
(3–4 µm) emission is thought to be dominated by AGN-
heated hot dust emission and their observed fluxes are
high (§2). If dust and molecular gas spatially coexist in
the nuclear region, strong collisionally excited molecular
gas emission is also expected there. The observed nuclear
L-band (3–4 µm) flux of IC 4329 A is about ∼5 times
higher than those of NGC 7469 and I Zw 1 (Imanishi
& Wada 2004; Imanishi et al. 2011a). At a first-order
approximation, the HCN J=3–2 peak flux in IC 4329
A is expected to be higher than NGC 7469 and I Zw
1. However, the observed HCN J=3–2 emission peak is
more than a factor of ten and five smaller than those of
NGC 7469 and I Zw 1, respectively (Figure 4).
The nuclear HCN J=3–2 emission peak is roughly pre-
dicted from the nuclear infrared emission, based on their
correlation (Imanishi & Nakanishi 2014). If we assume
that the observed infrared luminosity in Table 1 origi-
nates from the nuclear region, then the expected HCN
J=1–0 emission peaks are ∼18 mJy, ∼3 mJy, and ∼4
mJy for NGC 7469, I Zw 1, and IC 4329 A, respectively.
If the HCN J=3–2 emission peak is nine times larger than
that of HCN J=1–0, which is expected in thermally ex-
cited optically thick gas, then the expected HCN J=3–2
flux peaks are ∼165 mJy, ∼25 mJy, and ∼35 mJy, for
NGC 7469, I Zw 1, and IC 4329 A, respectively. For
NGC 7469, since it is estimated that about one third of
the infrared luminosity originates from the nuclear region
(Genzel et al. 1995), the expected HCN J=3–2 flux peak
from the NGC 7469 nucleus is ∼55 mJy. For the NGC
7469 nucleus and I Zw 1, the observed HCN J=3–2 peak
fluxes (∼25 mJy and ∼10 mJy, respectively) agree with
the above expected values within a factor of 2–3. How-
ever, the observed HCN J=3–2 peak flux of IC 4329 A is
more than an order of magnitude smaller than the above
expectation. Possible explanations include (1) infrared
emission is spatially extended, rendering the fraction of
the nuclear component small, and (2) HCN J=3–2 is only
sub-thermally excited, and the HCN J=3–2 to J=1–0
flux ratio is thus considerably (more than an order of
magnitude) smaller than nine. With regard to (1), as no
clear spatially extended off-nuclear emission is detected
at infrared 10 µm (Asmus et al. 2014), this seems un-
likely. Regarding (2), because IC 4329 A contains a lumi-
nous X-ray-emitting AGN (Brightman & Nandra 2011;
Brenneman et al. 2008), this also seems unlikely for nu-
clear molecular gas.
One scenario that could explain the weak HCN and
HCO+ J=3–2 emission in IC 4329 A is that the observed
featureless nuclear infrared L-band (3–4 µm) continuum
is not dominated by AGN-heated hot dust emission, but
by other emission mechanisms such as synchrotron emis-
sion. Figure 16 displays the spectral energy distribu-
tions of NGC 7469, I Zw 1, and IC 4329 A in the in-
frared and radio wavelength ranges. The radio emission
at <20 GHz is usually dominated by synchrotron emis-
sion. The q-value, defined as the decimal logarithm of the
far-infrared (40–500 µm) to radio flux ratio (Condon et
al. 1991), is often used to detect radio-loud AGNs, which
show stronger synchrotron emission than the majority
of radio-quiet AGNs. While the q-values of NGC 7469
and I Zw 1 (Table 10) are within the range of starburst-
dominated galaxies and many radio-quiet AGNs (q ∼
2.3–2.4) (Condon et al. 1991; Barvainis et al. 1996; Craw-
ford et al. 1996; Roy et al. 1998), that of IC 4329 A (q
∼ 1.5) (Table 10) is substantially lower, suggesting that
IC 4329 A contains a radio-loud AGN. However, the ob-
served infrared L-band (3–4 µm or ∼105 GHz) flux is
well above the extrapolation from the synchrotron emis-
sion component at <20 GHz. The strong infrared excess
at 200–105 GHz in IC 4329 A, as well as NGC 7469 and
I Zw 1, suggests that their infrared L-band (3–4 µm)
emission is dominated by AGN-heated hot dust emission
(Alonso-Herrero et al. 2011; Ichikawa et al. 2015), rather
than synchrotron emission. Thus, this possibility also
seems unlikely.
A second scenario is that the column density of the ob-
scuring gas and dust surrounding the central AGN of IC
4329 A is very small. The infrared L-band (3–4 µm) con-
tinuum emission primarily arises from hot dust with >a
few 100 K, located at the innermost region of the obscur-
ing material, with limited contribution from outer cooler
dust. On the other hand, collisionally excited HCN and
HCO+ J=3–2 emission lines can still be produced at the
outer regions, whose gas/dust temperature is several 10
K to a few 100 K. If the obscuring gas/dust column den-
sity around an AGN is substantially smaller in IC 4329 A
than in NGC 7469 and I Zw 1, then the smaller than ex-
pected HCN and HCO+ J=3–2 emission line fluxes from
the infrared L-band (3–4 µm) continuum flux could thus
be explained. From the infrared spectral energy distri-
bution, Ichikawa et al. (2015) estimated that the outer
to innermost radius ratio of nuclear-obscuring dust in IC
4329 A is a factor of ∼3 smaller than NGC 7469, sug-
gesting that this scenario is a possibility.
As a third possibility, if the molecular line widths of
IC 4329 A are much larger than those of NGC 7469 and
I Zw 1, the observed HCN/HCO+ J=3–2 emission peak
could be small, even if their fluxes are large. If IC 4329 A
follows the similar HCN J=3–2 to nuclear infrared lumi-
nosity correlation and has similar molecular line widths
to NGC 7469 and I Zw 1, the HCN J=3–2 flux peak
is then expected to be >15 mJy. To explain the actual
observed HCN J=3–2 flux peak with <1.5 mJy, molec-
ular line widths >10 times larger than those of NGC
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7469 and I Zw 1, i.e., at least a FWHM ∼ 2000–3000
km s−1, are required. This is more than a factor of 2
larger than the highly turbulent ongoing major merger
ULIRG, The Superantennae (Mirabel et al. 1991). Be-
cause IC 4329 A is classified as a fairly settled spiral or
S0 galaxy with a nuclear dust lane, but with no obvious
highly disturbed morphology (Malkan et al. 1998), such
an extremely large molecular line width seems unlikely.
For IC 4329 A, there has been no molecular gas detection
reported in the published literature, even for CO J=1–0
and J=2–1. Future ALMA high-sensitivity observations
of bright CO emission at the IC 4329 A nucleus may help
to test this scenario, if detection is realized.
In Figure 16, the observed flux increases with decreas-
ing frequency from 105 GHz (3 µm) to 104 GHz (30 µm).
However, the spectral energy distribution is flatter in
IC 4329 A than NGC 7469 and I Zw 1, which means
that the temperature of the dust thermal emission in this
frequency range is higher in IC 4329 A. For given dust
thermal radiation luminosity, if the dust temperature is
higher, then the required dust mass can be smaller; con-
sequently, the molecular mass becomes smaller, if dust
and molecular gas spatially coexist in a similar man-
ner. This could contribute to the observed weaker-than-
expected molecular gas emission in IC 4329 A. The 2–10
keV X-ray luminosities of NGC 7469, I Zw 1, and IC
4329 A are ∼2 × 1043 ergs s−1, ∼8 × 1043 ergs s−1, and
∼6 × 1043 ergs s−1, respectively (Pinoncelli et al. 2005;
Brightman & Nandra 2011; Brenneman et al. 2008) 3.
The high 2–10 keV X-ray luminosity of IC 4329 A in-
dicates the presence of a luminous AGN. This luminous
AGN, together with the estimated small outer-to-inner-
radius ratio for nuclear dust, in IC 4329 A may be related
to its higher dust effective temperature derived from the
104–105 GHz (3–30 µm) data.
In summary, the considerably smaller-than-expected
HCN and HCO+ J=3–2 emission line flux peak in IC
4329 A could be due to some combination of (1) a low
column density of obscuring gas/dust around an AGN
and/or (2) a small dust mass to infrared L-band (3–4
µm) luminosity ratio, due to a high dust effective tem-
perature. In either scenario, our (sub)millimeter energy
diagnostic method is not sensitive to almost bare AGNs
with a very limited amount of surrounding molecular gas,
such as IC 4329A, because at least a detectable amount
of molecular line emission is required for our method to
be effective.
6. SUMMARY
We conducted HCN and HCO+ J=3–2 observations in
our ALMA Cycle 1, 2, and 3 programs, at both vibra-
tional ground (v=0) and vibrationally excited (v2=1f)
levels, of three optical Seyfert 1 galactic nuclei, di-
agnosed to be energetically dominated by unobscured
AGNs (NGC 7469, I Zw 1, and IC 4329 A) and
eleven LIRGs with different levels of estimated ener-
getic contribution by an AGN (IRAS 08572+3915, The
Superantennae, IRAS 12112+0305, IRAS 22491−1808,
NGC 1614, IRAS 12127−1412, IRAS 15250+3609, PKS
1345+12, IRAS 06035−7102, IRAS 13509+0442, and
3 For these Seyfert 1 galaxies, absorption-corrected and -
uncorrected 2–10 keV X-ray luminosities are comparable, due to
the estimated low X-ray-absorbing hydrogen column density (NH).
IRAS 20414−1651). Among the LIRGs, NGC 1614 is
dominated by starburst activity; IRAS 08572+3915, The
Superantennae, IRAS 12127−1412, IRAS 15250+3609,
PKS 1345+12, and IRAS 06035−7102 show infrared
signatures of luminous obscured AGNs; and IRAS
12112+0305, IRAS 22491−1808, IRAS 13509+0442, and
IRAS 20414−1651 display no obvious AGN signatures in
the infrared. Our primary scientific goals were to investi-
gate (1) if enhanced HCN-to-HCO+ flux ratios at J=3–2
are found in AGNs, compared to starburst-dominated re-
gions, as previously seen at J=1–0 and J=4–3, and (2) if
vibrationally excited v2=1f J=3–2 emission lines of HCN
and HCO+ are detected in AGNs, as HCN v2=1f emis-
sion lines had been detected in several obscured AGNs.
We found the following main results:
1. HCN and HCO+ J=3–2 emission lines at v=0
were clearly detected in all observed primary galac-
tic nuclei, except for IC 4329 A. In NGC 7469,
these emission lines were also clearly detected at
three distinct starburst ring regions in the host
galaxy. The spatially extended HCN J=3–2 and
HCO+ J=3–2 emission was also detected in the
starburst-dominated LIRG, NGC 1614. In IRAS
12112+0305, the emission lines were detected in
both the brighter main NE nucleus and fainter sec-
ondary SW nucleus.
2. The HCO+ J=3–2 emission lines of IRAS
12112+0305NE and IRAS 22491−1808 showed sig-
nificant lower frequency tails, which we interpret
to be due to the contribution from vibrationally
excited (v2=1f) HCN J=3–2 emission lines. In
the moment 0 maps, the HCN v2=1f J=3–2 emis-
sion lines were detected with >4σ in both objects.
The vibrational excitation of HCN is believed to
originate in infrared radiative pumping, by absorb-
ing infrared 14 µm photons. Because for given
bolometric luminosity, an AGN can produce much
stronger infrared 14 µm photons than a starburst,
an AGN is a plausible origin for the infrared 14
µm continuum-emitting source, even though a very
compact extreme starburst cannot be completely
ruled out. If the AGN scenario is the case, IRAS
12112+0305 NE and IRAS 22491−1808 may con-
tain extremely deeply buried AGNs whose signa-
tures were not seen in previous infrared spectro-
scopic energy diagnostic methods, but were first
detected in our ALMA (sub)millimeter data.
3. The signature of a similar lower frequency tail
was recognizable for the HCO+ J=3–2 emission
line of IRAS 08572+3915 and IRAS 20414−1651,
but its detection significance in the moment 0
maps is lower than the above two LIRGs. IRAS
15250+3609 displays an emission sub-peak at close
to the expected frequency of the HCN v2=1f J=3–2
emission line, but it seems more likely that outflow
origin HCO+ v=0 J=3–2 emission is largely con-
tributing to this sub-peak. The remaining LIRGs
with infrared-obscured AGN signatures, The Su-
perantennae, IRAS 12127−1412, PKS 1345+12
and IRAS 06035−7102, and the starburst-classified
LIRGs, NGC 1614, IRAS 12112+0305 SW, and
IRAS 13509−0442, show no discernible signature of
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the vibrationally excited HCN v2=1f J=3–2 emis-
sion line.
4. Vibrationally excited HCN v2=1f J=3–2 emission
lines were not clearly seen in the two unobscured
AGN-dominated Seyfert 1 nuclei, NGC 7469 and I
Zw 1, despite our original expectation for the de-
tection. The upper limits of the HCN v2=1f to v=0
J=3–2 flux ratios were lower than the observed ra-
tios in several LIRGs with detected HCN v2=1f
J=3–2 emission lines. However, when the intrinsic
ratios after line opacity correction for HCN v=0
J=3–2 emission were derived in these LIRGs, the
upper limits in NGC 7469 and I Zw 1 were still
larger than the intrinsic ratios. We interpret that
the line opacity and flux attenuation of HCN v=0
emission lines are relatively small in optical Seyfert
1 AGNs, compared with deeply buried AGNs in
LIRGs. Currently, we do not see any evidence that
the infrared radiative pumping efficiency is differ-
ent between these two types of AGNs.
5. The vibrationally excited HCO+ v2=1f J=3–2
emission lines were not recognizable in any of the
observed galactic nuclei.
6. We identified that galaxies that do (or may) con-
tain AGNs tend to display higher HCN-to-HCO+
J=3–2 flux ratios than starburst regions, as pre-
viously argued at J=1–0 and J=4–3. However, a
small fraction of AGN-classified sources do not nec-
essarily show very high observed HCN-to-HCO+
J=3–2 flux ratios. Line-opacity-corrected intrinsic
flux ratios are needed for all sources to refine the
AGN selection in this method.
7. IRAS 15250+3609 showed a significant dip at the
higher frequency (blueshifted) side of the HCO+
J=3–2 emission line and a sub-emission-peak at
the lower frequency (redshifted) side of the HCO+
J=3–2 emission line. These features are interpreted
to be due to the P Cygni profile by outflow activity
of HCO+.
8. In the continuum map of IRAS 13509+0442 at
∼235 GHz, a source even brighter than IRAS
13509+0442 was detected at ∼1′′ eastern and 8–9′′
northern side. No obvious optical counterpart was
identified in the SDSS. No emission lines were seen
in our ALMA spectra. The nature of this source is
still enigmatic.
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TABLE 1
Basic properties of observed galaxies
Object Redshift Physical scale f12 f25 f60 f100 log LIR Optical
[kpc/′′] [Jy] [Jy] [Jy] [Jy] [L⊙] Class
(1) (2) (3) (4) (5) (6) (7) (8) (9)
NGC 7469 0.0164 0.33 1.35 5.79 25.87 34.90 11.6 Sy1 a
I Zw 1 0.0611 1.2 0.51 1.21 2.24 2.63 11.9 Sy1 b
IC 4329 A 0.0160 0.32 1.08 2.21 2.03 1.66 10.9 Sy1 c
IRAS 08572+3915 0.0580 1.1 0.32 1.70 7.43 4.59 12.1 LId(Sy2e)
Superantennae (IRAS 19254−7245) 0.0617 1.2 0.22 1.24 5.48 5.79 12.1 Sy2 f
IRAS 12112+0305 0.0730 1.4 0.12 0.51 8.50 9.98 12.3 LI d (Sy2 e)
IRAS 22491−1808 0.0776 A (0.076) 1.5 0.05 0.55 5.44 4.45 12.2 HIId,e
NGC 1614 0.0160 0.32 1.38 7.50 32.12 34.32 11.7 HII a,g (Cpe)
IRAS 12127−1412 0.1332 A (0.133) 2.3 <0.13 0.24 1.54 1.13 12.2 LI d (HII e)
IRAS 15250+3609 0.0552 A (0.054) 1.1 0.16 1.31 7.10 5.93 12.0 LI a (Cpe)
PKS 1345+12 (IRAS 13451+1232) 0.1215 A (0.122) 2.2 0.14 0.67 1.92 2.06 12.3 Sy2 d,e
IRAS 06035−7102 0.0795 1.5 0.12 0.57 5.13 5.65 12.2 LI h
IRAS 13509+0442 0.1364 A (0.136) 2.4 0.10 <0.23 1.56 2.53 12.3 HII d (Cpe)
IRAS 20414−1651 0.0870 A (0.086) 1.6 <0.65 0.35 4.36 5.25 12.3 HII d (Cpe)
Note. — Col.(1): Object name. The top three sources are optical Seyfert 1 galaxies. The next five and bottom six sources are LIRGs
observed in ALMA Cycle 2 and Cycle 3, respectively. Col.(2): Redshift. Col.(3): Physical scale in [kpc arcsec−1]. Col.(4)–(7): f12, f25, f60, and
f100 are IRAS fluxes at 12 µm, 25 µm, 60 µm, and 100 µm, respectively, taken from the IRAS Faint Source Catalog (FSC). Col.(8): Decimal
logarithm of infrared (8−1000 µm) luminosity in units of solar luminosity (L⊙), calculated with LIR = 2.1× 10
39
× D(Mpc)2 × (13.48 × f12 +
5.16 × f25 + 2.58× f60 + f100) [ergs s
−1] (Sanders & Mirabel 1996). Col.(9): Optical spectroscopic classification. “Sy1”, “Sy2”, “LI”, “HII”,
and “Cp” refer to Seyfert 1, Seyfert 2, LINER, HII-region, and starburst+AGN composite, respectively. a: Veilleux et al. (1995). b: Schmidt &
Green (1983). c: Rush et al. (1993). d: Veilleux et al. (1999). e: Yuan et al. (2010). f : Mirabel et al. (1991). g: Kewley et al. (2001). h: Duc
et al. (1997).
A The observed peak frequencies of the detected HCN J=3–2 and HCO+ J=3–2 emission lines in our ALMA spectra are significantly offset
from those expected from optically-derived redshifts (Soifer et al. 1987; Strauss et al. 1992; Kim et al. 1995; Kim & Sanders 1998; Veilleux et
al. 1999). Our high quality ALMA molecular line data provide accurate redshifts with four effective digits, which are adopted in this paper.
Optically-derived redshifts (Kim et al. 1995; Kim & Sanders 1998) are shown in parentheses.
TABLE 2
Log of our ALMA observations
Object Date Antenna Baseline Integration Calibrator
[UT] Number [m] [min] Bandpass Flux Phase
(1) (2) (3) (4) (5) (6) (7) (8)
NGC 7469 2014 April 29 35 21–558 25 J2148+0657 Neptune J2257+0743
2014 May 3 31 17–532 25 J2148+0657 Neptune J2257+0743
2014 July 22 34 18–784 24 J2253+1608 J2232+117 J2253+1608
I Zw 1 2014 May 4 39 17–558 22 J2148+0657 Neptune J0121+1149
2014 May 4 39 17–558 22 J0006−0623 Neptune J0121+1149
2014 July 16 34 20–650 14 J0237+2848 J0238+166 J0121+1149
IC 4329 A 2014 April 10 32 21–484 27 J1107−4449 Pallas J1342−2900
IRAS 08572+3915 2015 June 9 36 21–784 11 J0854+2006 Ganymede J0927+3902
Superantennae 2015 May 18 37 21–555 10 J2056−4714 Ceres J1933−6942
IRAS 12112+0305 2015 May 14 37 23–558 5 J1058+0133 Ganymede J1229+0203
IRAS 22491−1808 2015 May 24 34 21–539 5 J2258−2758 Titan J2056−4714
NGC 1614 2015 May 24 36 21–539 5 J0423−0120 Callisto J0423−0120
IRAS 12127−1412 2016 March 3 41 15–396 29 J1256−0547 J1256−0547 J1215−1731
IRAS 15250+3609 2016 March 13 38 15–460 11 J1751+0939 Titan J1453+2648
PKS 1345+12 2016 March 3 41 15–396 18 J1229+0203 Titan J1415+1320
IRAS 06035−7102 2016 March 14 43 15–460 12 J0519−4546 J0519−4546 J0601−7036
IRAS 13509+0442 2016 March 3 39 15–396 24 J1256−0547 J1256−0547 J1359+0159
IRAS 20414−1651 2016 March 26 38 15–460 11 J1924−2914 Pallas J2011−1546
Note. — Col.(1): Object name. Col.(2): Observing date in UT. The bottom six sources were observed in ALMA Cycle
3. Col.(3): Number of antennas used for observations. Col.(4): Baseline length in meters. Minimum and maximum baseline
lengths are shown. Col.(5): Net on-source integration time in min. Cols.(6), (7), and (8): Bandpass, flux, and phase calibrator
for the target source, respectively.
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TABLE 3
Continuum emission properties
Object Position Frequency Flux Peak Coordinate rms Beam
[GHz] [mJy beam−1] (RA,DEC)J2000 [mJy beam−1] [′′ × ′′] (◦)
(1) (2) (3) (4) (5) (6) (7)
NGC 7469 Nucleus 260.8–265.4 3.4 (33σ) (23 03 15.62, +08 52 26.1) 0.10 0.57×0.52 (72◦)
SB1 260.8–265.4 1.2 (12σ) (23 03 15.52, +08 52 25.1) 0.10 0.57×0.52 (72◦)
SB2 260.8–265.4 0.71 (7σ) (23 03 15.69, +08 52 27.1) 0.10 0.57×0.52 (72◦)
SB3 260.8–265.4 0.86 (8σ) (23 03 15.58, +08 52 27.4) 0.10 0.57×0.52 (72◦)
I Zw 1 Nucleus 249.7–254.2 1.2 (21σ) (00 53 34.94, +12 41 36.0) 0.057 0.67×0.60 (60◦)
IC 4329 A Nucleus 260.7–265.4 13.0 (69σ) (13 49 19.26, −30 18 34.2) 0.19 0.95×0.53 (83◦)
IRAS 08572+3915 Nucleus 250.4–254.9 2.5 (23σ) (09 00 25.36, +39 03 53.9) 0.11 0.89×0.47 (−19◦)
Superantennae Nucleus 249.5–254.4 5.0 (29σ) (19 31 21.41, −72 39 21.6) 0.17 0.87×0.61 (21◦)
IRAS 12112+0305 NE 246.8–251.3 8.3 (46σ) (12 13 46.06, +02 48 41.5) 0.18 0.73×0.55 (66◦)
SW 246.8–251.3 0.80 (4σ) (12 13 45.94, +02 48 39.1) 0.19 0.73×0.55 (66◦)
IRAS 22491−1808 Nucleus 246.1–250.7 4.7 (19σ) (22 51 49.35, −17 52 24.2) 0.25 0.92×0.59 (67◦)
NGC 1614 S-peak 260.8–265.5 2.6 (8σ) (04 34 00.01, −08 34 45.7) 0.31 1.06×0.58 (−75◦)
N-peak 260.8–265.5 2.5 (8σ) (04 33 59.99, −08 34 44.7) 0.31 1.06×0.58 (−75◦)
IRAS 12127−1412 Nucleus 233.7–238.4 1.4 (25σ) (12 15 19.13, −14 29 41.7) 0.057 0.94×0.74 (71◦)
IRAS 15250+3609 Nucleus 251.0–255.8 11 (41σ) (15 26 59.42, +35 58 37.4) 0.27 1.21×0.72 (−0◦)
PKS 1345+12 Nucleus 236.0–240.7 364 (70σ) (13 47 33.37, +12 17 24.2) 5.2 0.92×0.85 (−24◦)
IRAS 06035−7102 Nucleus 245.4–250.2 2.4 (19σ) (06 02 53.95, −71 03 10.2) 0.13 1.12×0.78 (49◦)
IRAS 13509+0442 Nucleus 233.1–237.7 1.5 (20σ) (13 53 31.57, +04 28 04.8) 0.076 0.99×0.81 (46◦)
NE source 233.1–237.7 1.9 (26σ) (13 53 31.66, +04 28 13.1) 0.076 0.99×0.81 (46◦)
IRAS 20414−1651 Nucleus 243.9–248.6 5.2 (38σ) (20 44 18.17, −16 40 16.8) 0.14 0.76×0.66 (−89◦)
Note. — Col.(1): Object name. Col.(2): Position inside galaxy. Col.(3): Observed frequency used for continuum extraction in [GHz].
Frequencies at obvious emission lines are removed. Col.(4): Flux in [mJy beam−1] at the emission peak. The value at the highest flux pixel
(0.′′1 pixel−1) in the continuum map is adopted. The detection significance relative to the rms noise is shown in parentheses, where possible
systematic uncertainty is not included. The possible systematic ambiguity in The Superantennae could be larger than the remaining sources
due to the very broad HCN/HCO+ J=3–2 emission line profiles, extending almost all frequency coverage of each of the corresponding
spectral windows. Col.(5): The coordinate of the continuum emission peak in J2000. Col.(6): The rms noise level (1σ) in [mJy beam−1],
derived from the standard deviation of sky signals in each continuum map. Col.(7): Synthesized beam in [arcsec × arcsec] and position
angle in [degree]. The position angle is 0◦ along the north–south direction and increases in the counterclockwise direction.
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TABLE 4
Flux of the HCN J=3–2 emission line
Object Pos Integrated intensity (moment 0) map Gaussian line fit
Peak rms Ch Beam Velocity Peak FWHM Flux
[Jy beam−1 km s−1] Sum [′′ × ′′] [km s−1] [mJy] [km s−1] [Jy km s−1]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC 7469 Nuc 5.4 (59σ) 0.092 21 0.58×0.52 4909±2 24±1 220±3 5.5±0.1
SB1 0.96 (10σ) 0.092 21 0.58×0.52 4966±1 15±1 63±1 0.96±0.03
SB2 0.70 (8σ) 0.092 21 0.58×0.52 4916±1 11±1 65±2 0.72±0.03
SB3 0.67 (7σ) 0.092 21 0.58×0.52 5028±1 12±1 51±2 0.65±0.03
ring — — — — 4952±5 45±2 214±12 10.1±1.0
I Zw 1 Nuc 2.6 (31σ) 0.086 21 0.69×0.63 18335±3 10±1 296±7 2.9±0.1
08572+3915 Nuc 2.5 (14σ) 0.18 27 0.91×0.47 17501±7 6.6±0.2 382±17 2.6±0.1
Superant Nuc 9.6 (20σ) 0.47 58 0.88×0.66 18540±7 12.8±0.2 821±17 10.6±0.3 E
12112+0305 NE 8.3 (28σ) 0.30 34 0.73×0.54 21661±18,21958±20 15.0±1.4,14.6±1.2 283±34,273±46 8.1±1.2
21807±4 C 24±1 C 431±14 C 10.4±0.7 C
SW 0.72 (4σ) 0.17 B 16 B 0.73×0.54 21970±34 2.0±0.5 323±75 0.64±0.22
22491−1808 Nuc 7.3 (26σ) 0.28 29 0.95×0.60 23309±6 18.0±0.5 458±13 8.1±0.3
NGC 1614 SB1 0.86 (4σ) 0.21 16 1.07×0.58 4847±7 8.1±1.2 103±18 0.87±0.20
SB2 1.0 (5σ) 0.21 16 1.07×0.58 4763±8 7.2±1.0 128±23 0.85±0.22
2.′′5 — — — — 4812±23 19.1±3.8 258±66 5.1±1.7
12127−1412 Nuc 1.1 (12σ) 0.087 14 0.94×0.74 39961±14 2.6±0.1 524±33 1.3±0.1
15250+3609 Nuc 4.7(32σ) A 0.15 A 9 A 1.21×0.73 16575±5 A 19±1 A 274±10 A 5.2±0.3 A
PKS 1345 Nuc 2.3(20σ) 0.11 12 0.92×0.86 36456±15 6.0±0.4 480±34 2.7±0.3
06035−7102 Nuc 4.4(25σ) 0.17 13 1.12×0.78 23853±5 14±1 367±12 4.9±0.2
13509+0442 Nuc 0.96(13σ) 0.074 9 0.99×0.81 40937±6 4.5±0.2 268±15 1.1±0.2
20414−1651 Nuc 3.9 (26σ) 0.15 17 0.76×0.66 25829±11,26216±12 7.4,8.2 250±24,309±28 4.3±0.3
26050±4 D 53±15 D 336±20 D 17±5 D
Note. — Col.(1): Object. Col.(2): Position. For NGC 7469, “ring” refers to an annular region with a radius of 0.′′8–2.′′5. For NGC 1614, “2.′′5”
refers to a 2.′′5 radius circular region. Col.(3): Integrated intensity of the HCN J=3–2 emission line (νrest=265.89 GHz) in [Jy beam
−1 km s−1]
at the emission peak. The detection significance relative to the rms noise (1σ) in the moment 0 map is shown in parentheses. Possible systematic
uncertainty is not included. Col.(4): rms noise (1σ) level in the moment 0 map in [Jy beam−1 km s−1], derived from the standard deviation of sky
signals in each moment 0 map. Col.(5): The number of velocity channels summed to create moment 0 maps. Each velocity channel has a width of
∼20 MHz (∼20 km s−1) for objects observed in ALMA Cycles 1 and 2, or ∼40 MHz (∼40 km s−1) for those observed in ALMA Cycle 3 (bottom six
sources). Col.(6): Beam size in [arcsec × arcsec]. Cols.(7)–(10): Gaussian fits of emission lines in the spectra at the continuum peak position (except
for NGC 1614), within the beam size, or integrated starburst regions for NGC 7469 and NGC 1614. For NGC 1614, spectra are taken at the HCN
J=3–2 emission peaks. Col.(7): Optical local standard of rest (LSR) velocity (vopt) of the emission peak in [km s
−1]. Col.(8): Peak flux in [mJy].
Col.(9): Observed FWHM in [km s−1] in the left panels of Figure 9. Col.(10): Flux in [Jy km s−1]. The observed FWHM in [km s−1] in column 9 is
divided by (1 + z) to obtain the intrinsic FWHM in [km s−1].
A Only the bright main emission component at 251.8–252.2 GHz in Figure 5(j) is considered. The fainter sub-peak component at 251.3–251.8 GHz,
which is likely to be of outflow origin, is not included.
BThe frequency range of significant signal detection is slightly different between the NE and SW nuclei. We created the moment 0 map of the SW
nucleus by summing channels with significant signal detection at the SW nucleus.
CSingle Gaussian fit after removing data points affected by the central dips, based on the assumption of self-absorption. Data at 21360–21650 km
s−1 and 21970–22260 km s−1 in Figure 9 are used for the fit.
D Single Gaussian fit after removing data points affected by the central dips, based on the assumption of self-absorption. Data at 25200–25760 km
s−1 and 26340–27000 km s−1 in Figure 9 are used for the fit.
E Because the HCN J=3–2 emission line is extremely broad, extending almost all frequency coverage of the ALMA spectral window, the ambiguity
of the continuum determination is large. The possible systematic uncertainty is expected to be larger than for other objects.
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TABLE 5
Flux of the HCO+ J=3–2 emission line
Object Pos Integrated intensity (moment 0) map Gaussian line fit
Peak rms Ch Beam Velocity Peak FWHM Flux
[Jy beam−1 km s−1] Sum [′′ × ′′] [km s−1] [mJy] [km s−1] [Jy km s−1]
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
NGC 7469 Nuc 4.6 (49σ) 0.094 19 0.57×0.52 4914±2 21±1 217±3 4.8±0.1
SB1 1.2 (13σ) 0.094 19 0.57×0.52 4966±1 22±1 57±1 1.3±0.03
SB2 0.97 (10σ) 0.094 19 0.57×0.52 4914±1 15±1 63±1 0.96±0.03
SB3 0.86 (9σ) 0.094 19 0.57×0.52 5028±1 19±1 46±1 0.93±0.03
ring — — — — 4948±6 63±3 217±12 14.4±1.0
I Zw 1 Nuc 1.2 (23σ) 0.053 18 0.66×0.59 18328±5 4.5±0.1 314±13 1.4±0.1
08572+3915 Nuc 2.8 (13σ) 0.21 19 0.89×0.47 17482±7 9.7±0.5 300±16 2.9±0.2
Superant Nuc 6.6 (19σ) 0.35 48 0.88×0.62 18555±10 9.9±0.3 767±23 7.6±0.3 E
12112+0305 NE 4.5 (17σ) 0.26 25 0.76×0.62 21665±7,21979±6 11.1±0.7,12.4±0.8 185±18,208±20 4.6±0.4
21829±5 C 27±3 C 331±19 C 9.0±0.1 C
SW 1.4 (7σ) 0.21 B 18 B 0.76×0.62 21888±17, 22071±16 4.5±0.5, 4.3±0.8 186±37, 125±33 1.4±0.3
22491−1808 Nuc 3.5 (14σ) 0.25 26 0.95×0.60 23255±11 9.7±0.5 371±30 3.6±0.3
NGC 1614 SB1 2.0 (7σ) 0.28 18 1.06×0.57 4846±1 27.3±1.2 65±4 1.9±0.1
SB2 2.0 (7σ) 0.28 18 1.06×0.57 4769±4 15.4±1.2 112±11 1.8±0.2
2.′′5 — — — — 4766±13 57±4 263±18 15.7±1.5
12127−1412 Nuc 0.80 (11σ) 0.075 11 0.94×0.74 39980±16 2.3±0.2 457±32 0.97±0.09
15250+3609 Nuc 2.0(21σ) A 0.094 A 7 A 1.21×0.72 16568±9 A 11±1 A 186±19 A 2.0±0.3 A
PKS 1345 Nuc 3.3(29σ) 0.12 12 0.92×0.85 36454±13 8.7±0.5 486±27 4.0±0.3
06035−7102 Nuc 5.6(32σ) 0.18 13 1.12×0.78 23868±4 17±1 378±9 6.3±0.2
13509+0442 Nuc 1.2(18σ) 0.063 7 0.97×0.80 40923±6 5.9±0.3 251±13 1.4±0.1
20414−1651 Nuc 2.6 (13σ) 0.21 15 0.76×0.67 25834±12,26259±12 5.8±0.5,6.3±0.5 235±31,273±32 3.0±0.3
26055±3 D 37±9 D 348±17 D 13±3 D
Note. — Col.(1): Object. Col.(2): Position. Definitions are the same as those in Table 4. Col.(3): Integrated intensity of the HCO+ J=3–2 emission
(νrest = 267.56 GHz) in [Jy beam
−1 km s−1] at the emission peak. The detection significance relative to the rms noise (1σ) in the moment 0 map is
shown in parentheses. Possible systematic uncertainty is not included. Col.(4): rms noise (1σ) level in the moment 0 map in [Jy beam−1 km s−1],
derived from the standard deviation of sky signals in each moment 0 map. Col.(5): The number of velocity channels summed to create moment 0 maps.
Each velocity channel has a width of ∼20 MHz (∼20 km s−1) for objects observed in ALMA Cycles 1 and 2, or ∼40 MHz (∼40 km s−1) for those
observed in ALMA Cycle 3 (bottom six sources). Col.(6): Beam size in [arcsec × arcsec]. Cols.(7)–(10): Gaussian fits of emission lines in the spectra,
made in the same way as Table 4. Col.(7): Optical LSR velocity (vopt) of the emission peak in [km s
−1]. Col.(8): Peak flux in [mJy]. Col.(9): Observed
FWHM in [km s−1] in the right panels of Figure 9. Col.(10): Flux in [Jy km s−1].
A Only the bright main emission component at 253.4–253.7 GHz in Figure 5(j) is considered. The fainter sub-peak component at 253.0–253.3 GHz,
which is likely to be of outflow origin, is not included.
BThe frequency range for significant signal detection is slightly different between the NE and SW nuclei. We created the moment 0 map of the SW
nucleus by summing channels with significant signal detection at the SW nucleus.
C Single Gaussian fit after removing data points affected by the central dips, based on the assumption of self-absorption. Data at 21500–21660 km s−1
and 21970–22130 km s−1 in Figure 9 are used for the fit.
D Single Gaussian fit after removing data points affected by the central dips, based on the assumption of self-absorption. Data at 25200–25760 km s−1
and 26340–27000 km s−1 in Figure 9 are used for the fit.
E Because the HCO+ J=3–2 emission line is extremely broad, extending across almost all frequency coverage of the ALMA spectral window, the
ambiguity in continuum determination is large. The possible systematic uncertainty is expected to be larger than that of other objects.
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TABLE 6
Flux of vibrationally excited (v2=1f) HCN and HCO+ J=3–2 emission lines for selected sources
Object Line νrest Integrated intensity (moment 0) map
Peak rms Channels Beam
[GHz] [Jy beam−1 km s−1] Summed [′′ × ′′] (◦)
(1) (2) (3) (4) (5) (6) (7)
NGC 7469 (nucleus) HCN v2=1f J=3–2 267.20 <0.10 (<3σ) 0.032 10 0.57×0.52 (78◦)
HCO+ v2=1f J=3–2 268.69 <0.11 (<3σ) 0.034 10 0.56×0.50 (54◦)
I Zw 1 HCN v2=1f J=3–2 267.20 <0.10 (<3σ) 0.032 10 0.66×0.59 (61◦)
HCO+ v2=1f J=3–2 268.69 <0.11 (<3σ) 0.035 10 0.62×0.60 (−31◦)
IRAS 08572+3915 HCN v2=1f J=3–2 267.20 0.28 (2.2σ) {<0.38 (<3σ)} 0.13 15 0.89×0.47 (−19◦)
HCO+ v2=1f J=3–2 268.69 <0.21 (<3σ) 0.067 10 0.88×0.46 (−19◦)
IRAS 12112+0305 NE HCN v2=1f J=3–2 267.20 0.52 (4.5σ) 0.11 13 0.76×0.62 (68◦)
HCO+ v2=1f J=3–2 268.69 <0.41 (<3σ) 0.13 10 0.72×0.54 (68◦)
IRAS 22491−1808 HCN v2=1f J=3–2 267.20 0.45 (4.0σ) 0.11 9 0.91×0.60 (67◦)
HCO+ v2=1f J=3–2 268.69 <0.40 (<3σ) 0.13 10 0.89×0.59 (67◦)
IRAS 20414−1651 HCN v2=1f J=3–2 267.20 0.13 (2.0σ) {<0.20 (<3σ)} 0.064 4 0.76×0.67 (−88◦)
HCO+ v2=1f J=3–2 268.69 <0.19 (<3σ) 0.063 6 0.75×0.66 (90◦)
Note. — Col.(1): Object. Col.(2): Observed molecular line. Col.(3): Rest-frame frequency of each molecular line in [GHz]. Col.(4):
Integrated intensity in [Jy beam−1 km s−1] at the emission peak. Detection significance relative to the rms noise (1σ) in the moment 0
map is shown in parentheses. Possible systematic uncertainty is not included. Col.(5): rms noise (1σ) level in the moment 0 map in [Jy
beam−1 km s−1], derived from the standard deviation of sky signals in each moment 0 map. Col.(6): The number of velocity channels
summed to create moment 0 maps. Each velocity channel has a width of ∼20 MHz (∼20 km s−1) except for IRAS 20414−1651, which
has a width of ∼40 MHz (∼40 km s−1). Col.(7): Beam size in [arcsec × arcsec] and position angle in [degree]. The position angle is
0◦ along the north-south direction, and increases counterclockwise.
TABLE 7
Intrinsic emission size after deconvolution
Object HCN J=3–2 HCO+ J=3–2 continuum
[mas × mas] (◦) [mas × mas] (◦) [mas × mas] (◦)
(1) (2) (3) (4)
NGC 7469 nucleus 680±60, 510±50 (48±17) 810±100, 570±80 (46±18) 2480±440, 710±150 (53±4)
I Zw 1 340±50, 190±90 (37±22) 370±50, 290±60 (40±55) 650±60, 340±50 (53±7)
IC 4329 A — — 190±30, 110±60 (42±21)
IRAS 08572+3915 490±150, 330±110 (145±67) 540±160, 300±160 (140±31) 500±80, 360±90 (125±28)
Superantennae 310±70, 100±160 (130±39) 520±80, 130±60 (143±13) 590±60, 340±80 (163±12)
IRAS 12112+0305 NE 360±30, 140±60 (155±13) 370±90, 150±140 (128±27) 250±40, 230±40 (85±84)
IRAS 22491−1808 210±100, 150±80 (10±64) could not deconvolve <430, <110 (—)
IRAS 12127−1412 <370, <240 (—) could not deconvolve 360±90, 230±130 (66±62)
IRAS 15250+3609 380±100, 270±130 (149±50) 280±130, 140±150 (117±70) 270±100, 240±170 (179±78)
PKS 1345+12 <430, <200 (—) 340±60, 90±130 (88±16) 150±30, 100±70 (81±83)
IRAS 06035−7102 <380, <240 (—) 540±50, 480±90 (148±73) 460±110, 380±200 (103±66)
IRAS 13509+0442 <670, <270 (—) 550±100, 320±200 (174±23) 430±80, 400±100 (78±85)
IRAS 13509+0442 NE — — <390, <230 (—)
IRAS 20414−1651 470±60, 300±110 (178±59) 520±120, 410±160 (105±82) 400±40, 320±50 (168±25)
Note. — Col.(1): Object name. Cols.(2), (3), and (4): Intrinsic emission size of HCN J=3–2, HCO+ J=3–2, and continuum
in [mas], respectively, after deconvolution using the CASA task “imfit”. The position angle in [degree] is shown in parentheses.
22 Imanishi et al.
TABLE 8
Luminosity of the HCN and HCO+ v=0 J=3–2 emission lines
Object HCN J=3–2 HCO+ J=3–2 HCN J=3–2 HCO+ J=3–2
104 [L⊙] 104 [L⊙] 107 [K km s−1 pc2] 107 [K km s−1 pc2]
(1) (2) (3) (4) (5)
NGC 7469 nucleus 0.74±0.01 0.65±0.01 1.2±0.1 1.1±0.1
NGC 7469 SB ring 1.33±0.01 1.92±0.01 2.2±0.1 3.1±0.1
I Zw 1 5.5±0.2 2.7±0.2 9.2±0.3 4.4±0.3
IRAS 08572+3915 4.5±0.2 5.0±0.3 7.4±0.3 8.2±0.6
Superantennae 17.9±0.8 10.8±0.6 29.7±1.3 17.5±1.0
IRAS 12112+0305 NE 16.7±0.2 9.5±0.8 27.8±4.1 15.6±1.4
IRAS 12112+0305 SW 1.8±0.6 3.9±0.8 2.9±1.0 6.3±1.3
IRAS 22491−1808 21.1±0.9 11.2±1.9 35.0±1.5 18.3±3.1
NGC 1614 (2.′′5 radius) 0.65±0.22 2.0±0.2 1.1±0.4 3.3±0.3
IRAS 12127−1412 12.1±0.9 9.1±0.8 20.2±1.6 14.9±1.4
IRAS 15250+3609 7.8±0.5 3.1±0.5 13.0±0.8 5.0±0.8
PKS 1345+12 21.1±2.4 31.5±2.4 35.1±3.9 51.4±3.9
IRAS 06035−7102 15.8±0.6 20.4±0.6 26.2±1.1 33.2±1.1
IRAS 13509+0442 10.8±2.0 13.8±1.0 17.9±3.3 22.5±1.6
IRAS 20414−1651 16.8±1.2 11.8±1.2 28.0±2.0 19.3±1.9
Note. — Col.(1): Object name. Cols.(2) and (3): Luminosity of the HCN J=3–2 and HCO+ J=3–2
emission lines in units of [L⊙], respectively. Cols.(4) and (5): Luminosity of the HCN J=3–2 and HCO
+
J=3–2 emission lines in units of [K km s−1 pc2], respectively.
TABLE 9
Luminosity of the HCN v2=1f J=3–2 emission line
Object L(HCN v2=1f J=3–2) L’(HCN v2=1f J=3–2)
104 [L⊙] 107 [K km s−1 pc2]
(1) (2) (3)
IRAS 12112+0305 NE 1.4 2.3
IRAS 22491−1808 1.4 2.3
Note. — Col.(1): Object name. Col.(2): Luminosity of the HCN J=3–2
v2=1f emission line in units of [L⊙]. Col.(3): Luminosity of the HCN J=3–2
v2=1f emission line in units of [K km s
−1 pc2].
TABLE 10
Radio properties of
NGC 7469, I Zw 1, and IC
4329 A
Object S1.4GHz q
[mJy]
(1) (2) (3)
NGC 7469 181 2.3
I Zw 1 8.8 2.5
IC 4329 A 66.8 1.5
Note. — Col.(1): Object
name. Col.(2): Radio 1.4 GHz
flux in [mJy] (Condon et al.
1998). Col.(3): Far-infrared-
to-radio flux ratio, parameter-
ized as the q-value (Condon et
al. 1991).
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Fig. 1.— Continuum maps of NGC 7469, I Zw 1, and IC 4329 A. For NGC 7469, 5σ, 10σ, 20σ, and 30σ contours, as well as the locations
of the starburst knots SB1, SB2, and SB3, are shown. The plotted contours are 5σ, 10σ, 20σ for I Zw 1, and 20σ, 40σ, 60σ for IC 4329 A.
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Fig. 2.— Continuum maps of LIRGs observed in ALMA Cycle 2. The displayed apparent scale depends on the structure of the individual
objects and the beam size of the individual data. The contours are 5σ, 10σ, 20σ for IRAS 08572+3915, 10σ, 20σ for The Superantennae,
3σ, 10σ, 20σ, 40σ for IRAS 12112+0305, 5σ, 10σ, 15σ for IRAS 22491−1808, and 3σ, 5σ, 7σ for NGC 1614.
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Fig. 3.— Continuum maps of LIRGs observed in ALMA Cycle 3. The displayed apparent scale depends on the structure of the individual
objects and the beam size of the individual data. The contours are 4σ, 8σ, 16σ, 22σ for IRAS 12127−1412, 8σ, 16σ, 32σ for IRAS
15250+3609, 15σ, 30σ, 60σ for PKS 1345+12, 5σ, 10σ, 15σ for IRAS 06035−7102, 8σ, 16σ, 24σ for IRAS 13509+0442, and 15σ, 25σ, 35σ
for IRAS 20414−1651. IRAS 13509+0442 is the galaxy seen in the lower part of the image, and the continuum emission in the upper part
is from another optically faint source.
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Fig. 4.— Full frequency coverage spectra at interesting regions of optical Seyfert 1 galaxies. Spectra are taken within the beam size,
except for (e). (a), (b), (c), and (d) are spectra at the NGC 7469 nucleus defined as the continuum emission peak, SB1, SB2, and SB3,
respectively. (e) is the area-integrated spectrum of the annular region at 0.′′8–2.′′5 radius from the nucleus of NGC 7469. (f) and (g) are
spectra of the nuclei of I Zw 1 and IC 4329 A (defined as the continuum emission peaks), respectively. Down arrows are shown at the
expected observed frequency of some emission lines for the adopted redshifts (Table 1).
ALMA HCN/HCO+ J=3–2 observations of Seyferts and LIRGs 27
28 Imanishi et al.
Fig. 5.— Full frequency coverage spectra of LIRGs at interesting regions. Spectra are taken within the beam size, except for (h). The SB1
and SB2 of NGC 1614 are defined from the HCN J=3–2 emission peak (see text in §4). Down arrows are shown at the expected observed
frequency of some emission lines for the redshifts shown in Table 1. The binned spectrum of the NE source detected in the continuum map
of IRAS 13509+0442 is also shown.
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Fig. 6.— Integrated intensity (moment 0) maps of the HCN J=3–2 and HCO+ J=3–2 emission lines, and their Gaussian fits in the
spectra at individual locations within the beam size, for NGC 7469. For moment 0 maps of HCN J=3–2 and HCO+ J=3–2, the contours
represent the 5σ, 10σ, 20σ, and 40σ levels.
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Fig. 7.— Integrated intensity (moment 0) maps of the HCN J=3–2 and HCO+ J=3–2 emission lines, and their Gaussian fits in the
spectra at individual locations within the beam size, for NGC 1614. The contours of the moment 0 maps are 3σ, 4σ for HCN J=3–2, and
3σ, 5σ, 7σ for HCO+ J=3–2.
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Fig. 8.— Integrated intensity (moment 0) maps of HCN J=3–2 (left) and HCO+ J=3–2 (right). For I Zw 1, the contours are 5σ, 10σ,
20σ for both HCN J=3–2 and HCO+ J=3–2. For IRAS 08572+3915, the contours are 4σ, 8σ, 12σ for both HCN J=3–2 and HCO+ J=3–2.
For The Superantennae, the contours are 5σ, 10σ, 20σ for HCN J=3–2, and 5σ, 10σ, 15σ for HCO+ J=3–2. For IRAS 12112+0305 NE,
the contours are 3σ, 5σ, 10σ, 20σ for HCN J=3–2, and 3σ, 5σ, 10σ, 15σ for HCO+ J=3–2. For IRAS 12112+0305 SW, the contours are
3σ, 4σ for HCN J=3–2, and 4σ, 5σ, 6σ for HCO+ J=3–2. For IRAS 22491−1808, the contours are 5σ, 10σ, 20σ for HCN J=3–2, and 5σ,
10σ for HCO+ J=3–2. For IRAS 12127−1412, the contours are 5σ, 8σ, 11σ for HCN J=3–2, and 4σ, 7σ, 10σ for HCO+ J=3–2. For IRAS
15250+3609, the contours are 5σ, 10σ, 20σ, 30σ for HCN J=3–2, and 5σ, 10σ, 20σ for HCO+ J=3–2. For PKS 1345+12, the contours are
4σ, 8σ, 16σ for HCN J=3–2, and 6σ, 12σ, 24σ for HCO+ J=3–2. For IRAS 06035−7102, the contours are 6σ, 12σ, 24σ for both HCN
J=3–2 and HCO+ J=3–2. For IRAS 13509+0442, the contours are 4σ, 8σ, 12σ for HCN J=3–2, and 5σ, 10σ, 15σ for HCO+ J=3–2. For
IRAS 20414−1651, the contours are 5σ, 10σ, 20σ for HCN J=3–2, and 4σ, 8σ, 12σ for HCO+ J=3–2.
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Fig. 9.— Gaussian fits to the detected HCN J=3–2 (left) and HCO+J=3–2 (v=0) (right) emission lines. For NGC 7469 and NGC 1614,
Gaussian fits to the detected HCN J=3–2 and HCO+J=3–2 (v=0) emission lines from the integrated starburst regions, 0.′′8–2.′′5 radius
annulus around the nucleus for NGC 7469, and circular region with 2.′′5 radius around (04 34 00.03, −08 34 44.6)J2000 for NGC 1614, are
shown here. For the IRAS 22491−1808 HCO+ J=3–2 emission line, the frequency which can largely be contaminated by the HCN v2=1f
J=3–2 emission line is excluded from the Gaussian fit. For IRAS 15250+3609, a Gaussian fit to the fainter sub-peak component is added,
after fixing the best Gaussian fit to the main component. For objects with clear double-peaked HCN J=3–2 and HCO+ J=3–2 emission
line profiles (IRAS 12112+0305 NE and IRAS 20414−1651), single Gaussian fits using data points at the edge of the emission tail, after
removing data possibly affected by the central dip (based on the assumption of self-absorption), are also shown with curved dashed lines.
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Fig. 10.— Zoomed-in spectra for selected sources to better display possible vibrationally excited (v2=1f) HCN J=3–2 and HCO+ J=3–2
emission lines. The horizontal solid straight lines, inserted by short vertical solid lines, are frequency ranges used to estimate the flux of
the HCN v2=1f J=3–2 emission line.
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Fig. 11.— Comparison of HCN J=3–2 and HCO+ J=3–2 emission line profiles for IRAS 15250+3609, after normalizing the Gaussian-fit
peak flux for the brighter main component. Solid and dash-dotted lines represent HCN J=3–2 and HCO+ J=3–2 emission line profiles,
respectively. The expected position in the abscissa, of the HCN v2=1f J=3–2 emission at z = 0.0552 is shown as a down arrow for the
HCO+ J=3–2 emission line profile (dash-dotted line).
Fig. 12.— Integrated intensity (moment 0) maps of the HCN v2=1f J=3–2 emission line of IRAS 12112+0305 NE and IRAS 22491−1808.
Data at the frequency marked with a solid straight line inserted by two vertical lines in Figure 10, are used. The contours are 3σ and 4σ
for IRAS 12112+0305 NE, and 3σ for IRAS 22491−1808. The continuum peak positions are indicated with white crosses.
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Fig. 13.— Intensity-weighted mean velocity (moment 1) and intensity-weighted velocity dispersion (moment 2) maps of the HCN J=3–2
and HCO+ J=3–2 emission lines. An appropriate cut-off was applied so that the resulting maps are not dominated by noise. The left two
panels are moment 1 maps. The contours represent 4850, 4925, 5000 km s−1 for NGC 7469 HCN J=3–2 and HCO+ J=3–2, no contour for
I Zw 1 HCN J=3–2, 18335 km s−1 for I Zw 1 HCO+ J=3–2, 17500 km s−1 for IRAS 08572+3915 HCN J=3–2, 17480 km s−1 for IRAS
08572+3915 HCO+ J=3–2, 18300, 18500, 18700 km s−1 for The Superantennae HCN J=3–2, 18500, 18700 km s−1 for The Superantennae
HCO+ J=3–2, 21850 km s−1 for IRAS 12112+0305 NE HCN J=3–2 and HCO+ J=3–2, 23300 km s−1 for IRAS 22491−1808 HCN J=3–2
and HCO+ J=3–2, 4750, 4850 km s−1 for NGC 1614 HCN J=3–2 and HCO+ J=3–2, 39960, 40000 km s−1 for IRAS 12127−1412 HCN
J=3–2 and HCO+ J=3–2, 16600 km s−1 for IRAS 15250+3609 HCN J=3–2, 16560 km s−1 for IRAS 15250+3609 HCO+ J=3–2, 36460
km s−1 for PKS 1345+12 HCN J=3–2 and HCO+ J=3–2, 22090 km s−1 for IRAS 06035−7102 HCN J=3–2 and HCO+ J=3–2, 40930 km
s−1 for IRAS 13509+0442 HCN J=3–2 and HCO+ J=3–2, and 26000, 26060, 26120 km s−1 for IRAS 20414−1651 HCN J=3–2 and HCO+
J=3–2. The right two panels are moment 2 maps. The contours represent 20, 45, 70 km s−1 for NGC 7469 HCN J=3–2 and HCO+ J=3–2,
50, 70 km s−1 for I Zw 1 HCN J=3–2, 70 km s−1 for I Zw 1 HCO+ J=3–2, 78, 96 km s−1 for IRAS 08572+3915 HCN J=3–2, 66, 81 km
s−1 for IRAS 08572+3915 HCO+ J=3–2, 150, 210 km s−1 for The Superantennae HCN J=3–2 and HCO+ J=3–2, 130 km s−1 for IRAS
12112+0305 NE HCN J=3–2, 120 km s−1 for IRAS 12112+0305 NE HCO+ J=3–2, 120 km s−1 for IRAS 22491−1808 HCN J=3–2, 100
km s−1 for IRAS 22491−1808 HCO+ J=3–2, 10 km s−1 for NGC 1614 HCN J=3–2, 30 km s−1 for NGC 1614 HCO+ J=3–2, 110, 125 km
s−1 for IRAS 12127−1412 HCN J=3–2, 102 km s−1 for IRAS 12127−1412 HCO+ J=3–2, 90 km s−1 for IRAS 15250+3609 HCN J=3–2,
63 km s−1 for IRAS 15250+3609 HCO+ J=3–2, 118 km s−1 for PKS 1345+12 HCN J=3–2, 120 km s−1 for PKS 1345+12 HCO+ J=3–2,
104 km s−1 for IRAS 06035−7102 HCN J=3–2, 110 km s−1 for IRAS 06035−7102 HCO+ J=3–2, 60 km s−1 for IRAS 13509+0442 HCN
J=3–2, 62 km s−1 for IRAS 13509+0442 HCO+ J=3–2, 164, 174 km s−1 for IRAS 20414−1651 HCN J=3–2, and 170, 184 km s−1 for
IRAS 20414−1651 HCO+ J=3–2.
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Fig. 14.— The HCN J=3–2 to HCO+ J=3–2 flux ratio of observed galaxies with interferometry. Sources are categorized into starburst-
dominated regions, denoted as “SB” (left), optical Seyfert 1 galaxies, denoted as “Sy1” (second left), and LIRGs which are infrared-diagnosed
to contain luminous obscured AGNs, denoted as “LIRG(IR-AGN)” (second right). LIRGs which have no obvious infrared AGN indicators,
but show signatures of vibrationally excited HCN v2=1f J=3–2 emission lines, are denoted as “IR elusive AGN (?)” (right). ALMA
interferometric data for IRAS 20551−4250 (Imanishi et al. 2016a) and NGC 1068 (Imanishi et al. 2016b), SMA interferometric data for
NGC 1097 (Hsieh et al. 2012) and NGC 4418 (Sakamoto et al. 2010), and PdBI interferometric data for Mrk 231 (Aalto et al. 2015a) are
included, in addition to the sources observed in this paper. For NGC 1068, data from the nuclear area-integrated emission within a 2.′′4
radius circular region (denoted as “N1068 All”), molecular gas emission peak at the eastern side of the AGN (denoted as “N1068 E”), and
the continuum peak as the putative location of an AGN (denoted as “N1068 C”) (Imanishi et al. 2016b), are shown.
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Fig. 15.— Spectra within the beam size, at 3 pix (0.′′3) east and 3 pix (0.′′3) north from the continuum peak position (denoted as 0.4”
NE and displayed with the solid line), and at 3 pix (0.′′3) west and 3 pix (0.′′3) south from the continuum peak position (denoted as 0.4”
SW and displayed with the dash-dotted line) for IRAS 12112+0305 NE and IRAS 20414−1651. In the intensity-weighted mean velocity
(moment 1) maps of both objects, the north-eastern part is more redshifted than the south-western part.
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Fig. 16.— Spectral energy distribution from 3 µm (105 GHz) to radio (∼1 GHz). Filled stars are from our ALMA Cycle 1 observations and
filled squares are from the literature. For NGC 7469, following Izumi et al. (2015), we adopt flux measurement for the nuclear component
only (Marco & Alloin 1998; Reunanen et al. 2010; Izumi et al. 2015; Wilson et al. 1991; Orienti & Prieto 2010), to remove the contamination
from the spatially extended starburst ring. For I Zw 1 and IC 4329 A, we use data from the NASA/IPAC Extragalactic Database to derive
the total flux at an individual frequency.
